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Abstract 

Background: Vitamin D activity is important for the functioning of a broad range of 

body systems. Some of these, including the skeletal, immune, and cardiovascular sys­

tems, are particularly relevant in the management of HIV-infection; thus, and in consider­

ation of evidence that factors associated with the scenario of HIV-infection can disrupt 

vitamin D metabolism, the assessment of vitamin D status in people living with HIV-in­

fection may be particularly important. In this thesis, I address cardiovascular implications 

of vitamin D status in HIV-infection. More specifically, and based on a growing body of 

evidence implicating low vitamin D status in the development of cardiovascular disease 

(CVD), I hypothesized that in HIV-positive adults low 25-hydroxyvitamin D (25(0H)D) 

concentration would be associated with increased subclinical vascular disease as meas-

ured by carotid intima-medial thickness (IMT). 

Methods: Using regression analyses I cross-sectionally studied the relationship between 

25(0H)D and carotid IMT in 283 participants of the Canadian HIV Vascular Study, a 

prospective study of CVD risk among HIV-positive Canadians. 

Results: The prevalence of vitamin D deficiency in the Canadian HIV Vascular study 

was surprisingly low. Plasma 25(0H)D by quartile was not associated with carotid IMT. 

However, in restricted cubic spline regression analyses designed to accommodate non-lin­

earity there was evidence of an inverted U-shaped 25(0H)D-carotid IMT relationship. In 

exploratory regression models restricted to participants comprising the suboptimal range 
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of vitamin D status, lower 25(0H)D concentration was statistically significantly associ­

ated with lower carotid IMT after adjustment for known CVD risk factors and other vari­

ables hypothesized to potentially confound a 25(0H)D-carotid IMT association. 

Main implication: While inference from these exploratory findings requires cautious in­

terpretation, future investigations into the relationship between vitamin D status and vas­

cular disease should consider the problem of non-linearity as a feature of primary 

analyses; otherwise, such studies might fail to detect a true association . 
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Chapter 1 
Introduction and literature review: Vitamin D status and its association with 
cardiovascular disease in people living with HIV infection 

1.1. Thesis overview 

There is emerging evidence that vitamin D deficiency is associated with the de-

velopment of cardiovascular disease (CVD). 1
-
5 A causal association would have particu-

lar relevance to persons living with human immunodeficiency virus (HIV) infection in 

Canada: HIV-positive adults are at increased risk for CVD 6-
9

, and vitamin D deficiency is 

regionally prevalent. 10
-

12 The prospect of vitamin D status as a modifiable risk factor is 

appealing. Vitamin D repletion among HIV-negative individuals is considered feasible, 

safe, and attainable. 13 In the context of HIV infection, however, the clinical relevance of 

vitamin D status on cardiovascular health is particularly unclear. 

In this thesis, I examine the hypotheses that suboptimal vitamin D status is preval-

ent within the Canadian HIV Vascular Study cohort and that there is greater vascular dis-

ease, as determined by baseline carotid intima-media thickness (IMT), in participants 

with lower versus higher vitamin D status. 

This work is divided into four chapters. In this first chapter, I provide a brief over-

view of issues relevant to the study of vitamin D and its influence on human health. In 

Chapter Two I summarize the background evidence upon which the current investigation 

is based. This consists of a literature review of studies that have assessed prevalence and 

1 
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determinants of vitamin D deficiency among HIV-infected populations, and an overview 

of evidence regarding the relationship between vitamin D status and risk of cardiovascu­

lar disease. This literature review is intended to guide development of cross-sectional ana­

lysis of the relationship between vitamin D status and vascular disease in persons living 

with HIV infection. As there are substantial gaps in the evidence concerning a vitamin D­

CVO association among HIV-infected individuals, this background overview is fortified 

by discussion of findings drawn from HIV-negative populations . 

In addition to infonning development of the current cross-sectional study, this 

background review is intended to address fundamental questions pertinent to my rationale 

for undertaking this preliminary-level investigation. First, do factors associated with HIV 

infection, including the infection itself, its management, and particulars of the popula­

tion--or sub-populations within-increase the value of screening for suboptimal vitamin 

D status in HIV-infected adults. In other words, irrespective of the clinical relevance of 

vitamin D status in the general community, does the the scenario of HIV infection war­

rant specified or enhanced surveillance for vitamin D deficiency? Second, in lieu of suffi­

cient evidence in support of a causal association between exposure to suboptimal vitamin 

D status and development of cardiovascular disease, what further investigations are justi­

fied based on the available data? 

2 
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In Chapter Three I discuss methodological considerations and issues related to 

accomplishment of my study objectives and present the cross-sectional study in detail. 

Study results are presented and discussed in Chapter Four. 

1.2. Overview of vitamin D biochemistry, physiology, and supply 

Vitamin D is a nutrient with pleotrophic potential. When activated-that is once it 

has been metabolized to its active metabolite, calcitriol-vitamin D is capable of wide­

spread influence spanning most tissues across most body systems. In this respect, a num­

ber of non-classic actions of vitamin D have only recently become more broadly 

appreciated. 14 While the classic actions of vitamin D, which pertain primarily to calcium 

homeostasis via effects in bone, kidney and gut tissue, are essential to human health and 

have justifiably received much attention, a range of more subtle vitamin D effects have 

more recently received a more equitable balance of attention. The vitamin D receptor 

(VDR) has been found in most tissues 14 and the cellular machinery necessary to activate 

and deactivate vitamin Dis more widespread than initially thought. Accordingly, the clin­

ical relevance of vitamin D nutritional status, and by implication the potential benefit of 

repletion, may correspond to a range of clinical disorders that by tissue specificity span 

VDR distribution. These would include disorders of bone, immunology, oncology, and 

cardiology, all of which have some relevance to the scenario of HIV infection. 

3 
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1.2.1. Vitamin D synthesis and nutritional supply 

Vitamin O exists as two forms: ergocalcipherol or 02, derived from the plant ster­

ol ergosterol; and cholecalcipherol or 0 3, derived from the animal sterol 7-

dehydrocholesterol. 

1.2.1.1: Vitamin D: oral input 

Vitamin 0 is not naturally abundant in the human food supply. 11 The best natural 

sources are oily fish and fish liver oil. 15 

According to estimates presented by Lu et al. 16
, a typical dinner serving of wild 

salmon (100 g) would contribute approximately 1000 International Units (IU) of dietary 

vitamin 0 3. Next highest sources, bluefish and farmed trout, contained less than half, and 

fanned salmon less than 25%, the vitamin 0 3 content of wild salmon. 

A historically utilized source of vitamin 0 has been cod liver oil , typically dis­

pensed by the teaspoon dose providing 400 JU vitamin 0 3. Thus, for all but a few indi­

viduals willing to adhere to frequent consumption of salmon, higher recommended 

intakes of vitamin 0 cannot efficiently be attained without food fortification or nutritional 

supplementation. 

To prevent conditions associated with severe vitamin O deficiency, specifically 

rickets and osteomalacia, cow's milk is fortified with vitamin 0 1. Milk alternatives, such 

4 
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as soy and rice milk, are typically fortified with vitamin 0 2• Additionally, some 

Canadians consume vitamin 0 3 supplements, as treatment for low bone density, or as a 

preventative measure during seasons where exposure to sunlight is minimal. 

The contribution of vitamin 0 intake to circulating vitamin 0 supply is dependent 

on intact small intestinal, pancreatic, and hepatic function. Vitamin 0 insufficiency has 

been reported in an number of gastrointestinal disorders including celiac and Crohn's dis­

ease, and can occur secondary to post-gastrectomy. 17 Low vitamin 0 status has also been 

reported in some hepatic diseases including chronic cholestatic disorders, viral and chron­

ic active hepatitis, and alcoholic cirrhosis. 17 

1.2.1.2: Vitamin D: cutaneous input 

In humans, epidermal 7-dehydrocholesterol, upon exposure to ultraviolet B 

(UVB) radiation, is transformed to previtamin 0 3• Under the influence of body heat 

previtamin 0 3 is then converted to vitamin 03. 18 Presumably to prevent toxicity, maxim­

um vitamin 0 production is limited at a threshold setpoint approximate to 10 - 15% of the 

original 7-dehydrocholesterol concentration 19
• According to estimates presented by Holl­

is et al. 20
, light skinned Caucasian individuals attain their synthesis threshold, releasing 

~ 10,000 to 20,000 IU of vitamin 0 into general circulation, within 10-12 minutes of full­

body UVB exposure. 

The skin's natural pigment, melanin, reduces the efficiency of dermal vitamin 0 

production. Accordingly, darker skin is a risk factor for vitamin 0 deficiency as darker 

5 
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skinned individuals require a longer duration of UVB exposure than lighter skinned indi­

viduals to attain maximum production. 21 Compared to Caucasians, South Asians or dark 

skinned African Americans require 2.5 and 10 times as much sun exposure, respectively, 

to attain maximum vitamin D3 production. 19 

Advanced age is associated with reduced cutaneous levels of 7-dyhydrocholester­

ol. 18
•
22

; thus, vitamin D deficiency found in elderly populations may in part be explained 

by reduced capacity for synthesis . 

1.2.2. Risk factors for suboptimal vitamin D status 

Risk factors for low vitamin D status include female gender; darker skin colour; 

advancing distance from the equatorial latitudes; winter season; cultural and lifestyle bar­

riers to sunlight, including sunscreen use; and absence of food fortification. 23 Cultural 

factors appear to be particularly relevant to vitamin D status and may obscure the influ­

ence of regional differences in the availability of sunlight. For instance, vitamin D defi­

ciency is particularly abundant in South Asia and the Middle East despite each possessing 

a climate and latitude favourable to abundant UVB-radiation exposure. 23 

Health related factors associated with deficiency include advanced age; institu­

tionalized care; obesity; malabsorption, renal and liver disease; and anticonvulsant use. 24 

6 
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1.2.3. Measurement of vitamin D status 

Circulating 25(0H)D, in plasma or serum, is considered the best available bio­

marker of vitamin D supply. 25 Unlike circulating l ,25(0H)2D2, which is tightly regulated 

and has a short half-life, the 25(0H)D concentration more directly reflects the level of cu­

taneous and dietary input. A dose-response relationship was recently confim1ed by meta­

regression analysis. 26 Each 1 IU/d increase in oral vitamin D intake was associated with a 

corresponding increase in serum 25(0H)D concentration of 0.013 nmol/L over, at minim­

um, a 6-week period. Of note, the dose-response analysis was limited by large heterogen­

eity, a finding consistent with known validity issues 15 associated with 25(0H)D 

measurement. Furthermore, factors associated with known risks of 25(0H)D deficiency 

such as age, adiposity, and gender may alter 25(0H)D status independent of vitamin D 

input. 27.28 

While 25(0H)D concentration is considered a reasonable marker of vitamin Din­

put, its utility as a biomarker of vitamin D function is less clear. 29 The biological activity 

of vitamin D via interaction with VDR is dependent on a sufficient level of 25(0H)D as 

substrate but also on a number of other factors unrelated to 25(0H)D concentration. 28 For 

instance, as I describe in section 2.2.5.2, severe l ,25(0H)2D deficiency has been docu­

mented in individuals living with advanced HIV infection, yet this occurs without com­

mensurately severe 25(0H)D deficiency. 30 

7 
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However, despite some notable limitations in the utility of 25(0H)D as a measure 

of vitamin D status, a multitude of health outcomes correlate strongest with circulating 

25(0H)D, but less so or not at all with plasma calcitriol. 31 Plasma l ,25(0HhD levels typ­

ically fall only in certain pathological conditions and states of severe 24(0H)D defi­

ciency. Furthermore, 25(0H)D reflects substrate availability for intracellular calcitriol 

synthesis across a range of tissues whereas circulating l ,25(0HhD directly reflects the 

biological compartment under renal control. 31 

1.2.4. Defining vitamin D status 

The 25(0H)D cutoffs for discriminating commonly used vitamin D status cat­

egories (deficiency, insufficiency, and optimal) are a matter of some debate. 20·23 .3 2 Classic 

vitamin D deficiency (often categorized as severe deficiency) is typically diagnosed by a 

25(0H)D level of < 25 nmol/L (I 0 ng/mL) and it is below this threshold where frank 

presentations of vitamin D malnutrition (rickets in infants and osteomalacia in adults) 

become most evident. Less severe deficiency, characterized by associations with an emer­

ging list of multiple health outcomes has been more difficult to define. 

Optimal vitamin D status is often defined by minimum and maximum 25(0H)D 

levels of75 nmol/L (30 ng/mL), or sometimes 80 nmol/L (32 ng/mL), and 250 nmol/L 

(100 ng/mL). The lower bound of this range is derived from estimation of a 25(0H)D­

PTH threshold above which PTH is maximally suppressed. The validity of this threshold 

as a marker of physiological stability has recently been questioned . According to a 2009 

8 

http:control.3I
http:calcitriol.3I


MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

systematic review, there is great variability in threshold estimates across studies that have 

examined the 25(0H)D-PTH relationship. 33 Moreover, plasma PTH concentration 

depends on a number of factors independent of 25(0H)D status including age, calcium 

intake, ethnicity, substance abuse, and kidney function ; 28 and likely on factors yet to be 

fully elucidated such as exposure to HIV-therapy (this is described in section 2.2.5.1 ). For 

these reasons, estimation of a single clinically relevant threshold upon which to define 

vitamin D adequacy is problematic. 28
·
33 

Although expert consensus has yet to be reached, there is some convention in cat­

egorizing vitamin D status as deficient, insufficient or optimal (or desirable), differenti­

ated by the 25(0H)D cutpoints 50 nmol/L (20 ng/mL) and 75 nmol/L (30 ng/mL) . 

Alternatively, a number of studies have defined vitamin D deficiency as a 25(0H)D level 

of:::: 37.5 nmol/L (15 ng/mL). 34-3
8 To convert nmol/L 25(0H)D to ng/mL 25(0H)D mul­

tiply by the conversion factor 2.496. 

Some researchers have argued that optimal status may be closer to the upper 

threshold of a normal range defined by minimum and maximum 25(0H)D levels of 80 

nmol/L and 250 nmol/L, respectively. 20 To my knowledge, there is no clinical trial data 

upon which to substantiate purported health benefits of 25(0H)D targets beyond correc­

tion of vitamin D insufficiency. 

As definitions of vitamin D status have not been uniform across studies I use the 

term suboptimal vitamin D status in reference to a broader category of status, encom-

9 
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passing both vitamin D insufficiency and deficiency, where the condition of status pre­

sumably represents a state where 25(0H)D levels are insufficient to fully accommodate 

functional needs . 

1.2.5. Vitamin D metabolism 

Bioactivation of vitamin D involves a two-step process facilitated by a variety of 

cytochrome P450 (CYP) enzymes. Step one entails synthesis of 25(0H)D by CYP 

isoenzymes capable of vitamin D 25-hydroxylase activity . In step two 25(0H)D is la-hy­

droxy lated to 1,25(0H)2D. 

Calcitriol and 25(0H)D are inactivated by 24-hydroxylase (CYP24Al) . VDRs are 

present in most tissues and likewise most cells require the capacity to inactivate calcitriol. 

This is mainly accomplished through expression of CYP24A 1. In addition to its catabolic 

effect on l ,25(0H)2D, 24-hydroxylase can divert 25(0H)D metabolism down an alternat­

ive pathway, towards the inactive metabolite 24,25-(0H)D. 

1.2.6. Vitamin D: endocrine, autocrine and paracrine activities 

Vitamin D homeostasis reflects the relative activity of all three of the aforemen­

tioned vitamin D hydroxylases . Under normal circumstances, for instance barring im­

paired hepatocyte function as occurs in liver disease, the rate of 25(0H)D production is 

substrate dependent and likewise 25(0H)D levels generally reflect the availability of vit­

amin D derived from oral and cutaneous inputs. 

10 



MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

The so-called "classic" action of vitamin D pertains primarily to the endocrine ef­

fects of circulating calcitriol. In response to decreasing plasma calcium, l ,25(0H)20 is 

synthesized in the distal tubule cells of the kidney, and circulated as a message primarily 

to enhance calcium absorption across intestinal cells. Renal production of l ,25(0H)2D is 

regulated by a homeostatic mechanism involving serum calcium, phosphorus, and para­

thyroid hormone (PTH). 

Non-classic actions of circulating J ,25(0H)iD are only partially understood. Cal­

citriol synthesis can occur in macrophages and various tissues including parathyroid, skin, 

bone, cartilage, and prostate. 14
.3

9
.4° Extrarenal I a-hydroxy lase activity is not regulated by 

PTH and is thought to contribute little to the circulating l ,25(0H)2D supply. Rather, its 

influence is likely regional serving autocrine or paracrine effects on local VD Rs . Unlike 

renal I a-hydroxy lase activity, extrarenal l ,25(0H)iD production may be more substrate 

dependent. In this respect , the influence of circulating 25(0H)D may be greater than what 

was originally thought. Macrophage la-hydroxylase expression is predominately under 

immunological control, up-regulated by inflammatory cytokines such as interferon (IFN)­

y, and by lipopolysaccharides. 40 
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Chapter 2 
The relevance of vitamin D status in HIV infection: review of the evidence 

Since its inception in 1996, access to highly active antiretroviral therapy (ART) 

has meant considerable improvement in the long-term outlook for HIV-positive persons. 

For the substantial majority of individuals living in high income countries HIV infection 

has become a chronic manageable condition. In this emergent scenario, HIV-positive 

adults are exposed over many years to the combined effects of HIV infection, ART tox-

icity, and aging. Evidence is accumulating that risk for some of these chronic age-related 

conditions might vary by HIV status . 41 This is becoming particularly evident for risk of 

CVD. 

Particular features of the scenario of HIV infection including those related to 

HIV-1 exposure, to ART, and to the population at risk for infection, may individually or 

in concert contribute to elevate CVD risk. 42 It is certainly plausible, given known biolo-

gical effects and emergent epidemiological findings, that suboptimal vitamin D status 

may intertwine with these various features of HIV infection to increase incident CVD in 

adults living with HIV infection. However, the clinical importance of this scenario has 

not been established in an HIV-positive cohort . 

12 
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This chapter is divided into two main sections. In section 2.1 I overview evidence 

related to the prevalence of suboptimal vitamin D status in HIV-positive individuals. In 

section 2.2 I overview evidence relevant to investigation of the relationship between vit­

amin D status and CVD, in adults living with HIV infection. 

This literature review is based on a search strategy designed to identify and re­

trieve relevant primary reports and reviews of investigations that have assessed vitamin D 

status and vitamin D effects in HIV infection. The specific strategy applied to OVID 

Medline (R) ( 1956 to April 2009) and modified to accommodate EMBASE, is included in 

appendix A. To enhance the sensitivity of this search strategy I scanned reference lists of 

all relevant articles and retrieved additional reports whenever appropriate . I conducted a 

supplementary search strategy (see appendix B) not limited to HIV-positive populations, 

designed to identify research relevant to investigation of a vitamin D-CVD association. 

Several articles are discussed that have emerged subsequent to when the initial searches 

were conducted. 

2.1. The prevalence of suboptimal vitamin D status in HIV-positive populations 

In this section I overview evidence related to the prevalence of suboptimal vitam­

in D status in HIV-positive individuals and address the question: is the prevalence of sub­

optimal vitamin D status higher in HIV-positive adults compared with the general 

population. In the discussion that follows, emphasis is placed on those investigations with 

13 
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greatest generalizability to the Canadian setting. My literature search identified 22 studies 

that reported measurement of 25(0H)D in people living with HIV infection. 34
.4

3
-
63 These 

investigations are summarized in Table 1. 
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2.1.1. Validity issues of the prevalence studies 

Most reports were of small cross-sectional studies. Although, cross-sectional ana-

lyses may generate valid prevalence data, a number of important issues limit comparabil-

ity between studies. First, there has been substantial and progressive improvement in the 

quality of HIV-care since the early days of HIV-therapy. In this review, study publication 

dates range 16 years from as early as 1993, in the pre-highly active ART era, to the most 

recent publication in 2009. Across this period varying features relevant to HIV-disease 

prognosis or to ART-adverse effects may limit comparability between studies . Further-

more, within a single population the prevalence of vitamin D insufficiency or deficiency 

has been shown to change over time. 64 

Second, clinical, cultural and geographic differences between study populations 

limit comparability by modifying baseline risk for suboptimal vitamin D status. 

Finally, 25(0H)D assays have been subject to inter-assay non-comparability . For 

instance, the Nichols Advantage 25(0H)D RIA assay (Nichols Institute Diagnostics) util-

. d . fi d. 30 4 s 46 51 . . 1ze m 1ve stu 1es · ·· · consistently overestimated 25(0H)D3 concentrations and was 

withdrawn from the marketplace in 2006. 31 Additionally, the Advantage assay failed to 

accurately detect circulating 25(0H)D2 
65 further complicating interpretation of 25(0H)D 

status in countries where vitamin 0 2 had been utilized therapeutically. 

22 



MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

Since the establishment of the Vitamin D External Quality Assessment Scheme 

(DEQAS; Intemet:www.deqas.org) in 1989, there has been a gradual improvement in the 

performance of 25(0H)D assays with respect to assay linearity, precision, and absolute 

values 65 Nevertheless, lack of comparability between assay methods, and between differ­

ent versions of the same assay (the DiaSorin RIA kit, was reformulated between I 994 and 

2000) represents an important source of between-study heterogeneity. 

Most studies in this review are cross-sectional. Thus, findings are at high risk of 

bias. Causal inference from these data is speculative at best and provide only limited 

guidance for development and testing of my thesis hypotheses . Two studies prospectively 

investigated health effects of vitamin D supplementation. One of these was an uncon­

trolled pilot study 133
, and likewise as with the cross-sectional investigations its findings 

are susceptible to bias . The other study was a Randomized Controlled Trial (RCT) of vit­

amin repletion in individuals initiating treatment for tuberculosis (TB) infection. 62 Overall 

the study was at low-to-moderate risk of bias given the adequacy of sequence generation, 

allocation concealment, blinding, and intention to treat analysis (for mortality only, but 

not for primary outcome). Also, the report provides no evidence of selective reporting. 

However, missingness of primary outcome data was not addressed; and HIV-positive in­

dividuals represented only a subgroup of a larger TB-infected cohort. 
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2.2. Summary of the evidence regarding 25(0H)D status in HIV Infection 

No investigation assessed vitamin D status within a Canadian HIV-positive popu­

lation. Two studies, both conducted in the north-eastern United States, and another set in 

The Netherlands, are by geographic latitude reasonably comparable with settings that 

comprise the Canadian HIV Vascular Study cohort. In the north-eastern United States 

prevalence of 25(0H)D deficiency (:S 50 nmol/L) in HIV-infected adults was 42% 59 and 

47.3%. 60 The prevalence of severe deficiency(< 25 nmol/L) was I 1.3% 59 and 10.5%. 60 

Approximately 75% of patients in each study were categorized as having suboptimal vit­

amin D status(< 75 or< 80 nmol/L). 

In The Netherlands, among 254 ambulatory HIV-positive individuals, the preval­

ence of vitamin D "deficiency" was 29% (defined as< 35.5 nmol/L in April-September or 

< 25 nmol/L in October-March). 58 

The validity of generalization of these observational data to the Canadian HIV 

Vascular Study cohort is limited by population differences in extent of ethnic and gender 

diversity. All three studies were comprised proportionally of a greater number of indi­

viduals at increased risk of suboptimal vitamin D status (darker skinned individuals and 

women) than is found in the primarily white male population of the Canadian HIV Vas­

cular Study. Based on these issues of clinical diversity, vitamin D deficiency or insuffi­

ciency within the Canadian cohort could presumably be less prevalent. 

24 

http:October-March).58
http:10.5%.60


MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

However, in a general population study, comprised mainly of healthy Caucasian 

men and woman residing in Calgary, Canada, prevalence rates were not substantially dif­

ferent than in the above-mentioned studies . In winter months, 39% had vitamin D defi­

ciency(< 50 nmol/L), and 86% had levels less than optimal(< 80 nmol/L). 12 Prevalence 

of vitamin D deficiency and suboptimal status declined during the summer months to 

14% and 68%, respectively . In consideration of this Calgary cohort, and of the three HIV­

positive populations mentioned above, I expect that suboptimal vitamin D status in the 

Canadian HIV Vascular Study cohort will be prevalent particularly during the winter 

months . Whether the severity of deficiency will be greater than what was found in the 

Calgary HIV-negative cohort is not clear. In the section that follows I overview investiga­

tions that have compared vitamin D status between HIV-positive and HIV-negative 

adults . 

2.2.1. 25-hydroxyvitamin D differences by HIV status 

Nine studies assessed mean 25(0H)D levels in HIV-positive individuals com­

pared with HIV-negative controls . 34
.4

4
.4

5
.4

8
.4

9
•
535 4

·
57

·
62 In three studies, 48

.49
.
54 25(0H)D levels 

differed by HIV status . 

In an outpatient setting in Germany, 49 25(0H)D levels were lower in a group of 

50 HIV-positive woman than in 50 healthy HIV-negative age-matched controls (P < .05) . 

Reported 25(0H)D means were 93 nmol/L and 154 nmol/L in HIV-positive and HIV­

negative groups, respectively. 
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In a small study set in Sassari Spain, 54 mean serum 25(0H)D levels were lower in 

30 asymptomatic HIV-positive individuals than in 16 healthy HIV-negative controls (P = 

0.04 ). Among HIV-positive individuals, 86% were reported to be vitamin D "deficient"­

the 25(0H)D threshold for deficiency was not stated. Forty-six percent of deficient cases 

were characterized as severe(< 25 nmol/L). Notably, the study period corresponded 

mainly to colder months of the year (October-June). While inclusion of warmer month 

25(0H)D determinations would presumably have attenuated the high prevalence of vit­

amin D "deficiency" within the study, it is not clear whether attenuation would vary by 

HIV-status. 

In an outpatient setting in Germany Teichmann et al. 48 found lower 25(0H)D 

levels among HIV-positive compared with HIV-negative individuals in a male-heroin 

dependent subgroup. In the larger study population 25(0H)D levels did not differ by HIV 

status. 

Six additional studies 34
.4

4
·
45

·
53

·
57

·
62 did not detect significant differences by HIV 

status although effects suggestive of differences were reported in subgroups with ad­

vanced HIV disease. 44
.4

5 Owing to small sample size a number of these studies may have 

been underpowered to detect group differences by HIV-status. 
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In summary, although suboptimal vitamin D status is highly prevalent across a di­

verse range of HIV-positive populations, there is a lack of convincing evidence to con­

clude that persons with HIV infection are at increased risk of lower vitamin D status 

compared with HIV-negative controls. 

2.2.2. Seasonal variation of 25(0H)D status 

I found no evidence to suggest that seasonal 25(0H)D variation might differ by 

HIV status. In general, the effect of seasonal variation on vitamin D solar production in 

persons living with HIV infection appears congruent with variation noted in community 

populations. Suboptimal vitamin D status is most prominent in settings that experience 

substantial seasonal variation in UVB intensity, 50
·
58

-
60 and particularly when 25(0H)D 

levels are determined during colder months of the year. 54 In Tanzania, serum 25(0HD 

was positively associated with the harvest season, presumably due to increased duration 

of exposure to direct sunlight. 57 

2.2.3. 25-hydroxyvitamin D differences by ART exposure 

There is some evidence that ART may impact vitamin D status . In The Nether­

lands individuals exposed to non-nucleoside reverse transcriptase inhibitors (NNRTis) 

had lower median 25(0H)D levels compared with individuals on protease inhibitor (PI)­

based ART (P = 0.017). 58 Additionally, low vitamin D status may have been more preval­

ent in the NNRTl-exposed group (36.5% and 23.0%, for NNRTI-exposed and Pl-exposed 

individuals, respectively; P = 0.070) and these participants had an 86% increased risk of 
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vitamin D "deficiency" compared to those not exposed to NNRTis (odds ratio (OR) l.86; 

95% confidence interval (CI): 1.07-3.22). However, in multivariable logistic regression 

analysis treatment type did not remain a significant risk factor for vitamin D deficiency. 

In a Boston study 60 low vitamin D tended to be more common among patients re­

ceiving NNRTis compared with other ART regimens (OR 3.03; 95% CI: 0.99-9.27, P = 

0.06 ). Likewise, in another study set in the north-western United States, median vitamin 

D levels were lower among patients receiving NNRTis compared with those on PI-based 

regimens; 25(0H)D levels were 42.4 nmol/L and 64.9 nmol/L (P = 0.002), respectively. 
59 

In this study, NNRTI-usage was associated with a sixfold increased risk of vitamin D de­

ficiency (OR 6.62; 95% CI: l.91-22.89). 

In a small study set in southern Spain, 25(0H)D levels differed by treatment 

status. 51 Median 25(0H)D levels were 65 nmol/L and 83 nmol/L for ART-naive and 

ART-exposed patients, respectively. In contrast, several other studies did not detect 

25(0H)D differences by treatment status. 54
·
56

·
58 

The findings of reduced 25(0H)D levels among patients exposed to NNRTI-ther­

apy may represent a true clinical effect. Alternatively, it is possible that some factor re­

lated to the likelihood of having been prescribed a NNRTI therapy may account for these 

statistical associations . In the early era of highly active ART, NNRTis represented a best 

option for patients (for instance, substance abusers) percieved to be at increased risk of 

nonadherence to the relatively laborious dosing strategies of the early-era PI-based regi-
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mens. In a study of 1761 woman who started ART between the years 1996 to 2005, 

NNRTI-based ART as an initial regimen, was more common among participants who 

were more likely to have reported use of any injected drug or of non-injected crack, co­

caine, or heroin (P < .05). 66 While the effect of substance abuse on the prevalence of sub­

optimal vitamin D status is not clear, in a small study of HIV-positive adults, 25(0H)D 

levels were lower in males with, compared with those without, heroin dependancy. 48 

Thus, it is plausible that the NNRTI-25(0H)D status assocation is best explained by the 

confounding effect of substance abuse, which presumably is a cause of NNRTI-exposure 

and a cause (or marker of a cause) of suboptimal vitamin D status. 

In summary, there is consistent evidence from studies that have examined 

25(0H)D differences by types of ART-exposure that NNRTI-use is associated with re­

duced 25(0H)D status. To my knowledge no study has examined this association pro­

spectively and thus it is not clear whether NNRTI-exposure is a determinant of 25(0H)D 

deficiency. In addition, there is conflicting evidence about whether HIV-treatment in gen­

eral affects vitamin D status. 

2.2.4. 25-hydroxyvitamin D differences by immune status 

Five studies provided comparison of 25(0H)D levels with various immune para­

meters. 45 •
49

.
51.53

.
59 While there is evidence that calcitriol deficiency may be component of 

immunodeficiency (this is addressed in section 2.2.5 .2), there is a lack of convincing 

evidence to suggest that 25(0H)D status differs by immunological status. In what might 
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be the exception Ramayo et al. 51 found higher median 25(0H)D levels among patients 

exposed to ART compared with a more immunocompromised group of ART-naive, po­

tentially undernourished (many had low serum albumin), adults (P =0.04) . While it is 

tempting to speculate that some feature of immunodeficiency such as HIV-associated en­

teropathy or increased utilization might contribute to 25(0H)D malnutrition, this associa­

tion has not been confirmed by evidence that markers of HIV-disease progression 

correspond to declining levels of circulating 25(0H)D. Of the 4 studies that reported this 

comparison none found independent statistical associations between circulating 25(0H)D 

and markers of immunodeficiency including current absolute CD4 count, 45
·
49

·
58

·
59 CD8 

count, 45
'
58 serum neopterin, 45 history of wasting, 59 or clinical events. 45 

2.2.5. HIV-associated disruptions along the vitamin D metabolic pathway 

As I have previously described there is a high prevalence of suboptimal vitamin D 

status in HIV-positive populations but I have been unable to identify any compelling 

evidence to suggest that these high rates are unique to HIV-positive populations . In con­

trast, there may exist metabolic differences relevant to HIV status. Under certain condi­

tions HIV-positive adults appear to be at greater risk of disrupted vitamin D metabolism, 

presenting as elevated or reduced PTH or low levels of circulating l ,25(0H)20 . As fol­

lows, I overview evidence of disrupted metabolism in HIV-positive adults and present in 

vitro findings that might account for these disruptions in the scenario of HIV infection . 
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2.2.5.1: Evidence of parathyroid hormone disruption in HIV infection 

Under normal circumstances 25(0H)D is inversely associated with serum PTH. 

The 25(0H)D threshold below which secondary hyperparathyroidism (and osteoporosis) 

occurs has varied across studies. According to a recent systematic review, most threshold 

estimates cluster between 40 and 50 nmol/L or 70 and 80 nmol/L. 33 Of note, the second 

cluster (70-80 nmol/L) has been utilized as rationale for defining the lower bound of the 

proposed optimal 25(0H)D status category as 75 or 80 nmol/L. Aloia et al. 33 have argued 

against use of a specific threshold for clinical purposes since a number of factors need to 

be considered: 

The variability in the estimates for the 25(0H)D threshold may be ex­

plained by ethnic difference in calcium economy, the extent of vitamin D 

deficiency, different calcium intakes, inaccuracy of 25(0H)D assays, the 

age and health of the populations studied, and the mathematical analyses 

used. 33 

In a multiple regression analysis involving thresholds derived from 18 studies serum 

25(0H)D concentration and dietary calcium accounted for approximately 67% of the 

25(0H)D threshold variance. Thus, this suggests that the 25(0H)D threshold for preven­

tion of secondary hypoparathyroidism may be relative to dietary calcium intake, but also 
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may be influenced by other health related factors . Whether some feature particular to the 

scenario of HIV infection can influence the threshold has not to my knowledge been 

investigated. 

Lower serum levels of PTH have been found in HIV-positive patients compared 

with healthy-controls, and this has occurred paradoxically under conditions of 

J ,25(0H)2D deficiency 44
•
49-more typically, as is often seen in advanced renal disease, 

l ,25(0H)2D deficiency triggers a corresponding hyperparathyroidism. Aukurst et al. 
44 

have proposed a mechanism whereby the inflammatory cytokine tumor necrosis factor-al­

pha (TNFa)-this often becomes elevated with advancing immunodeficiency--directly 

suppresses PTH section. 

Whereas low PTH may be a component of advanced HIV infection , several stud­

ies have shown that patients on ART experience higher levels of PTH compared with 

ART-naive individuals and with HIV-negative controls 54
, and hyperparathyroidism is as­

sociated with concurrent antiretroviral use. 58
•
60

·
67 In Rodriquez et al., 60 high PTH was 

found in patients exposed to ART, but not in participants not receiving therapy. Likewise, 

Van Den Bout-Van Den Beukel et al. 58 found higher PTH among patients receiving treat­

ment and this was most prominent among individuals exposed to NNRTls compared to 

PI-containing regimens. Among vitamin D deficient participants, NNRTl-exposure com­

pared with no NNRTI-exposure was associated with a nearly fourfold increased risk of 
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hyperparathyroidism (OR 3.93; 95% CI 1.65-9.37). As expected, serum PTH was 

inversely correlated \\-'.ith 25(0H)D levels (r = -0.39, P = 0.001) and elevated PTH was as­

sociated with low serum calcium (r = 0.15, P = 0.03 ). 

2.2.5.2: Evidence of low 1,25-dihydroxyvitamin D status in HIV infection 

I identified five studies that assessed circulating l ,25(0H)2D levels in HIV-posit­

ive adults compared with HIV-negative controls (see Table 2). As I discuss below, 

l ,25(0H)2D homeostasis may be disrupted under various conditions relevant to HIV 

infection. 

A series of investigations conducted in Oslo Norway found lower 1,25(0H)iD in 

HIV-positive individuals with advanced HIV infection. 30
.4

4
-
46 Lower l ,25(0H)2D levels 

were found in individuals coinfected with disseminated Mycobacterium avium complex 

(MAC) than in those without MAC infection (P < 0.05). 30 Nearly half of MAC-infected 

patients had 1,25(0H)"D levels below the threshold of detection. 
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While low l ,25(0H)2D status has also been found in HIV-positive adults without 

advanced disease, 49
·
67 circulating l ,25(0H)2D levels may correlate with extent of immun­

odeficiency. Positive correlations with absolute CD4 cell counts were found in Haug et al. 

4\r = 0.45, P < 0.05) and Teichmann et al. 49(r = 0.35, P < 0.05), but not in Haug et al., 46 

and Madeddu et al. 67 However in Haug et al. 46 severe l ,25(0H)2D deficiency did corres­

ponded to lower CD4+ counts (P < 0.01). 

In addition, low circulating l ,25(0H)D may be associated with other markers of 

HIV-disease progression. Haug et al. demonstrated inverse l ,25(0H)~D associations with 

the presence of MAC coinfection, 30 with the inflammatory cytokine TN Fa, 46 and with 

serum neopterin 45
. Neopterin and TNFa, both of which are markers of ongoing immune 

activation, have been associated with HIV-disease progression and AIDS-associated mor­

tality. 68-71 

Calcitriol is an important immune system regulator, but the clinical relevance of 

low circulating l ,25(0H)2D in the condition of advancing immunodeficiency is not clear. 

If deficiency occurs as a consequence of immune dysregulation, for instance secondary to 

elevated TNFa, 44 presumably, ART-mediated immune reconstitution might restore, at 

least partially, circulating l,25(0H)iD levels. Consistent with this proposition Ramayo et 

al. found higher serum l,25(0H)2D levels in ART-exposed compared with a more im­

munocompromised ART-naive group (P = 0.01). 51 The circulating l,25(0H)2D level was 

independently associated with the odds that a participant was receiving ART (adjusted 
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OR 5.5; 95% CI : 1.2-36.0). However, in a study where circulating 1,25(0H)2D differed 

by HIV status, levels did not differ by ART-exposure status . 67 Moreover, in longitudinal 

analysis of a subgroup of 14 participants receiving ART, I ,25(0H)2D levels declined over 

14 weeks, from a mean of 118.6 pmol/L (45 .6 pg/mL) at baseline to a mean of89.4 pmol/ 

L (34.4 pg/mL) at follow-up (P < .05). These findings deserve cautious interpretation par­

ticularly given that with a cohort of only 14 participants the presence of even a single out­

lier could have substantial influence on the estimated means . Hence, the influence of 

ART on circulating l ,25(0H)D is not clear. 

These findings suggest that HIV-positive adults may experience disrupted 

1,25(0H)2D homeostasis . While low l ,25(0H)2D may in part be a consequence of re­

duced 25(0H)D supply, concordant deficiency of both metabolites was found in only one 

study. 49 Circulating levels of these metabolites were found to be correlated in another 

study (r = 0.6, P < 0.00 I), 51 but not in 3 others . 3oAsA
6 

Under normal conditions l ,25(0H)2D and 25(0H)D levels are only loosely 

correlated or are not correlated at all unless 25(0H)D deficiency is severe . In moderate 

25(0H)D deficiency, calcitriol is stable or may be elevated as a compensatory response to 

the low 25(0H)D supply . Thus , in the absence of severe 25(0H)D deficiency, low 

1,25(0H)2D presumably indicates disrupted calcitriol homeostasis via effects on its syn­

thesis or degradation. 
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2.2.5.3: In vitro evidence of disrupted vitamin D metabolism 

Levels of circulating and intracellular vitamin D metabolites are a consequence of 

differential rates of CYP450 mediated production and degradation . The exact CYP450 

pathways have yet to be completely specified. However, in vitro investigations have 

provided evidence that medications commonly used in the management of HIV infection 

might impair vitamin D hydroxylation by modulating CYP450 activity. 72
·
73 

Cozzolino et al. 72 found that in vitro exposure to HIV-Pis iJTipaired human hep­

atocyte 25(0H)D and macrophage l ,25(0H)2D synthesis in a dose-dependent manner. In 

macrophages the PI inhibitory effect was greater for l ,25(0H)2D synthesis ( 1 a-hy-

droxy lase) than for its degradation (24-hydroxylase) resulting in a net l ,25(0HhD reduc­

tion. PI exposure at concentrations comparable to maximal plasma levels following drug 

administration, resulted in reduced conversions to l ,25(0HhD of 79.4%, 63.4% or 

31. 7%, for ritonavir, indinavir or nelfinavir, respectively. In contrast, all Pis demonstrated 

similar capacity to inhibit l ,25(0H)2D degradation. Furthermore, the minimal inhibitory 

concentration of ritonavir differs for I a- and 24-hydroxylase enzymes in that l ,25(0HhD 

synthesis is inhibited at a lower concentration than what would be required to mount a 

compensatory inhibition of the catabolic activity of 24-hydroxylase. Thus, it appears that 

a PI-effect on vitamin D metabolism may be enzyme specific having greater impact on 

synthesis than on degradation. 
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Additionally, PI effects on vitamin D metabolism may differ by tissue type. In 

contrast to what has been reported in human hepatocytes and in macrophages, human my­

eloid leukemia cells exposed to ritonavir experienced a net increase in intracellular 

1,25(0H)2D levels presumably through downregulation of 24-hydroxylase (CYP24) ex-

pression. 73 

The clinical relevance of PI-effects on vitamin D metabolism is not clear. A vari­

ety of CYP450 isoenzyme-mediated pathways provide some level of redundancy in meta­

bolite synthesis and degradation . For instance, while the primary 25-hydroxylase is 

thought to be CYP2R 1 other isoenzymes capable of 25(0H)D synthesis include 

CYP27Al, CYP3A4 and CYP2J3. Some of these alternate pathways may be substrate 

specific. For instance CYP3A4 has specific affinity for vitamin 0 2, but does not appear to 

hydroxylate vitamin 0 3• 
74

·
75 The clinical relevance of these specificities are poorly under­

stood, but CYP3A4 expression is upregulated by calcitriol deficiency and could account 

for some of the 25(0H)D2 and l ,25(0H)2D in circulation. Despite these alternative path­

ways, renal CYP27B 1 is considered the primary 1 a-hydroxy lase and thus is the main con­

tributor to serum I ,25(0H)20 supply . 

Given this evidence that certain CYP450 enzymes have differential affinity for 

vitamin D2 and vitamin 0 3 substrates, the magnitude of disruption caused by a PI- or any 

other drug that may affect CYP450 activity- might differ depending on an individual's 

source of vitamin D input. For instance, it is plausible based on this in vitro evidence that 
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vitamin 03, but not D2, may be the preferred source of fortification or supplementation in 

ART-exposed individuals. Whether this specificity is relevant in other tissues, or to de­

gradation of 25(0H)D2 or l ,25(0H)20 2 via 24-hydroxylase (CYP24A I), is not clear. 

Additionally uncertain is the impact that a differential effect might have on 

25(0H)D determination. Assays such as the Elecsys 25-hydroxyvitamin D method util­

ized in this current study cannot detect serum 25(0H)D2. 
65 Thus, they may fail to capture 

the effect of CYP3A4 perturbations on total circulating 25(0H)D levels. Fortunately, in 

Canada vitamin D2 is not used clinically, and dietary 0 2 input is expected to be minimal. 

In addition to Pis, a number of other HIV-relevant medications may negatively 

impact vitamin D metabolism including: rifabutin, 76 rifampicin, 77
-
79 isoniazid, 77.7

8 tenofo­

vir, 80 and efavirenz. 81
•
82 

In summary, although suboptimal vitamin D status is highly prevalent across a di­

verse range of HIV-positive populations, there is a lack of convincing evidence to con­

clude that 25(0H)D levels differ by HIV status. Substantial heterogeneity limits the 

validity of between study comparisons. Methods of measuring 25(0H)D have not been 

uniform and assay ranges are not necessarily comparable. Other variables that may limit 

generalization include varied latitudes, season, lifestyle factors, oral intake and fortifica­

tion of foods, skin colour, gender, morbidities, and historical trends in patient care . 
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2.3. Vitamin D-associated mortality in people living with HIV infection 

In HIV-negative populations vitamin D deficiency may increase mortality risk 
83

'
84 

and vitamin D supplementation, even at modest levels, may provide a mortality benefit. 
85 

In a meta-analysis of nine large RCTs involving 57,311 participants, vitamin D supple­

mentation compared with placebo, resulted in a modest decrease in the risk of all-cause 

mortality (summary relative risk 0.93, 95% CI 0.87-0.99). 85 

The impact of vitamin D status in people living with HIV infection has received 

only minimal attention. In a small longitudinal analysis including 7 asymptomatic and 10 

symptomatic HIV-positive adults, those with low serum l,25(0HhD (< 65 pmol/L) at 

baseline had shorter survival times at a median 9 months of follow-up . 45 In a Cox regres­

sion analysis only l ,25(0H)iD remained predictive of survival. Inference from these data 

deserve cautious interpretation; in addition to the small sample size, few study details 

were reported. 

In an RCT of vitamin D supplementation involving 365 TB-infected adults at­

tending outpatient care in Guinea-Bissau, Africa, 100,000 IU of cholecalciferol at inclu­

sion and at 5 and 8 months from baseline, had no overall affect on mortality (relative risk 

(RR) 1.19, 95% CI 0.58-1.95) at 12-month follow-up . 62 In a subgroup of 95 HIV-positive 

participants vitamin D had no significant effect on mortality . Surprisingly, the hazard-ra­

tio (HR) estimate was in the direction of harm (HR 1.8, 95% CI 0.8-4.1 ); whereas in 

HIV-negative participants the HZ was twofold less (HR 0.9, 95% CI 0.3-2.8). A test for 
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interaction was not significant (P = 0.08) . These negative findings are in contrast to ob­

servational data and immunological benefits of vitamin D supplementation reported earli­

er, 86 and this study has been criticized on grounds of possible contamination bias: 

intervention and control groups experienced equal rises in 25(0H)D concentrations. 87 

In summary, vitamin D supplementation may modestly reduce the risk of all 

cause mortality in the general population, but few studies have investigated a survival be­

nefit in HIV infection. In patients coinfected with TB infection vitamin D supplementa­

tion did not improve survival. Additionally, but perhaps more related to the condition of 

impaired vitamin D metabolism than to a consequence of decreased nutritional intake, the 

active vitamin D metabolite, l ,25(0H)2D may be an important predictor of survival. 

However, evidence in support of this proposition is derived from prospective study of just 

17 HIV-positive patients. In the sections that follow, I narrow the focus of this discussion 

to more specifically address possible cardiovascular implications of suboptimal vitamin D 

status. 

2.4. Vitamin D and cardiovascular disease in people living with HIV infection 

There is emerging evidence that vitamin D deficiency is associated with the de­

velopment of CVD. In this section I provide an overview of evidence concerning an asso­

ciation between vitamin D status and CVD. This is followed by discussion of the state of 
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evidence as it applies to individuals living with HIV infection. I summarize by stating that 

there is a paucity of evidence about vitamin D status and cardiovascular disease in adults 

living with HIV infection . 

2.4.1. Summary of observational evidence 

The putative cardiovascular-associated activities of vitamin D are diverse and 

widespread. 3 Observational studies have reported associations between low vitamin D 

levels and CVD mortality; 32
·
84 incident CVD including heart failure , myocardial infarc­

tion (Ml) and stroke; 37
·
88

.
92 coronary artery calcification; 93 peripheral artery disease ; 94 and 

prevalent CVD risk factors including hypertension, diabetes mellitus, and hypertrigly­

cerides; 1
·
5

·
95

-
97 Low vitamin D status was associated with increased carotid IMT in one 

study, 35 but not in two others; 98
·
99 and in a fourth study vitamin D status was associated 

with the internal but not the common carotid IMT 100 (I expand upon the carotid IMT 

evidence in section 2.4.3 ). 

In meta-analyses of observational data high versus low vitamin D status was asso­

ciated with a 33% reduction in risk for prevalent cardiovascular disease (myocardial in­

farction , stroke, ischaernic heart disease, and peripheral vascular disease) , a 55% 

reduction in risk for diabetes, and a 51 % reduction in risk for metabolic syndrome. 10 1 

These data deserve cautious interpretation. First, the risk of bias associated with the 

source of these data (longitudinal cohort, case-control , and cross-sectional studies) limits 

inference regarding causal effects of vitamin D on cardiometabolic disorders . Second, 
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statistical heterogeneity was considerable. The percentage of variation in the risk estim­

ates attributable to heterogeneity (12) was 76%. Extensive diversity across the pooled 

studies suggests that an average summary value may be misleading. 102 However, the con­

sistent direction of observed associations likely offsets the relevance of this high variabil­

ity; in 85% of studies cardiometabolic risk was reduced in individuals with high 

compared with low levels of vitamin D. Furthermore, this pattern held across study 

design and cardiometabolic type. 101 While these statistical associations are possibly a 

consequence of unmeasured (or poorly measured) confounding factors, these consistent 

findings provide a sound basis upon which to justify additional investigation, ideally in 

appropriately conducted RCTs, but also within more focused cohort studies where the 

nature of these associations may differ. 

2.4.2. Summary of clinical trial evidence 

Few clinical trials have been specifically designed to assess cardiovascular effects 

of vitamin D supplementation. 

The largest RCT analysis to date, evaluated the effects of vitamin D3 plus calcium 

supplementation on risk of cardiovascular events as a prespecified secondary outcome 

measure among 36,282 post-menopausal woman. This was a prespecified secondary out­

come analysis of the Woman's Health Initiative (WHI) study. 103 Over a 7-year period, 

treatment with 400 IU/d vitamin D3 plus 1000 mg/d calcium, compared with placebo, had 

no demonstrable impact on MI or coronary heart disease death (HR 1.04; 95% CI 
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0.92-1.18) or on incident cerebral-vascular disease (HR 0.95; 95% CI 0.82-1. I 0). The 

validity of these findings have been questioned on a number of grounds but mainly on the 

basis that the dose may have been too low to achieve a detectable clinical effect. 5·
104

-
106 

In a randomized placebo controlled fracture prevention trial comprised of 2686 

older adults, the equivalent of 800 IU/d vitamin 03 had no significant effect on incident 

CVD and CVD-mortality at five-years followup. 107 The relative risk estimates for incid­

ent CVD and CVD-mortality were 0.90 (95% CI 0.77-1.06, P = 0.22) and 0.84 (95% CI 

0.65-1. l 0, P = 0.20), respectively. 

2.4.3. Summary of evidence regarding atherogenic effects of suboptimal D status 

Calcitriol possesses strong immunomodulating properties and may be a strong de­

terminant of atherogenic inflammatory components including matrix metalloproteinase 9 

(MMP-9), interleukin-6 (IL-6), TNFa, and markers of inflammation such as C-reactive 

protein (CRP). 108
·
109 In a study of 139 men and woman with congestive heart failure 

(CHF), those randomized to receive daily 2000 JU of vitamin 0 3 compared with placebo, 

demonstrated an improved inflammatory milieu characterized by increased levels of the 

anti-inflammatory cytokine interleukin-I 0 (IL-I 0) and decreased PTH. 110 After 9 months 

of treatment TNF a had increased in the untreated group, but had stabi Ii zed in the group 

allocated to vitamin D supplementation. 
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In contrast, among 47 healthy post-menopausal woman, a I 2-week daily course of 

800 IU vitamin DJ and I 000 mg calcium had no impact on circulating inflammatory 

markers that included TNFa, IL-6, and CRP. 109 

There is conflicting evidence concerning the relationship between vitamin D 

status and vascular disease. In a study involving 390 individuals with type II diabetes, 

low vitamin D status was independently associated with carotid IMT (P < 0.00 I) after ad­

justment for multiple confounding factors including traditional risk factors, kidney func­

tion, and metabolic syndrome. 35 In contrast, carotid IMT was not associated with vitamin 

D status in a cohort of relatively healthy Old Order Amish adults. 98 Similarly, there was 

no association between 25(0H)D status and common carotid IMT in a group of 614 older 

adults from the Hoorn Study cohort. 99 In this same cohort low vitamin D status was signi­

ficantly associated with risk of all-cause and CYD mortality. 111 Thus, it is conceivable 

that CVD clinical outcomes are not mediated by factors that produce detectable vascular 

disease and if this were so, carotid IMT would not be an appropriate measure of a vitamin 

D-CVD association. 

In a study involving 654 older adults from the Rancho Bernardo Study cohort se­

lected on the basis of a negative history of coronary heart disease, revascularization, or 

stroke, 25(0H)D was independently associated with internal carotid IMT (P = 0.02), but 

not with common carotid IMT (P = 0.83) . 100 These findings are difficult to interpret. The 

clinical utility of isolated IMT assessment at the internal carotid artery has not been valid-
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ated and for the purpose of CVD risk assessment, the common carotid artery is the pre­

ferred segment for measurement. 11 2 This in part is because common carotid IMT is more 

strongly associated with main CVD risk factors . 113 While it is possible that segment 

specific differences in the associations between carotid IMT and CVD might translate 

into differences in clinical outcomes, this has not been confirmed by longitudinal invest­

igation. 113 However, the internal carotid IMT, compared with thickening at the common 

carotid segment, may be more sensitive to change, and Grunfeld et al. 114 have proposed 

that in the atherosclerosis associated with HIV infection, IMT thickening may occur earli­

est at the internal carotid location. 

Improved vascular function was reported in a small pilot study that randomized 

48 vitamin D deficient ( <50 nmol/L) individuals with type 2 diabetes mellitus to a single 

oral dose of l 00,000 IU vitamin 0 2, or placebo. 11 5 After adjustment for a treatment asso­

ciated reduction in systolic blood pressure, flow mediated vasodilation (FMD) of the bra­

chia! artery was 3.01 % (95% CI 0.28-5.75, P = 0.03) higher in vitamin D-treated 

participants compared with participants randomized to placebo. These findings deserve 

cautious interpretation given that the analysis was restricted to 34 patients who completed 

the trial; an intention to treat analysis was not reported. Moreover, the validity of brachia! 

FMD as a measure of CVD risk has recently been questioned. 11 6 

In summary, findings concerning possible vascular effects of suboptimal vitamin 

D status have not been consistent. Carotid IMT may not be the best measure of vitamin D 
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associated vascular disease. Similarly, a vitamin D-carotid IMT association may be more 

difficult to detect in the absence of substantial vascular inflammation or it may require a 

more sensitive measure of IMT progression such as prospective assessment at the internal 

carotid artery. 

2.4.4. Vitamin D status, blood pressure, and hypertension 

A number of studies have demonstrated statistical associations between arterial 

blood pressure and 25(0H)D levels . Piltz et al. provide a comprehensive systematic re­

view on this topic. 5 The majority of the larger population-based cross-sectional investiga­

tions have demonstrated inverse associations between blood pressure and 25(0H)D. 

In a nested case-control study (within the Nurse's Health Study 2) woman in the 

lowest compared with the highest quartile of plasma 25(0H)D levels had an adjusted 

odds ratio of incident hypertension of 1.66 (95% CI 110-1.97). 11 7 

In longitudinal analysis, Forman et al. utilized estimated 25(0H)D levels to 

investigate associated risks of incident hypertension among 77 ,531 woman in the Nurse's 

Health Study and 38,388 men and the Health Professionals' Follow-Up Study. 36 Relative 

risks comparing lowest to highest estimated 25(0H)D deciles, with adjustment for age, 

body mass index (BMI), physical activity, race and (in woman) menopausal status, were 

1.57 (95% CI 1.44-1.72) in woman and 2.31 (95% CI 2.03 to 2.63) in men, after 18 and 

16 years follow-up, respectively. In analyses restricted to the 613 men and 1198 woman 

with measured 25(0H)D levels, relative risks for participants whose levels were < 37 
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nmol/L compared to individuals with levels 2: 75 nmol/L were 6.13 (95% CI 1.00-37.8) in 

men and 2.67 (95% CI 1.05-6.79), during 4 years follow-up . Pooled analysis of the men 

and woman with measured 25(0H)D yielded a relative risk of 3.18 (95% CI 1.39-7.29) 

In contrast to these positive findings , in a study involving 524 men and woman 

randomly selected from the longitudinal Ely study, baseline 25(0H)D levels correlated 

with baseline blood pressure, but not with changes in blood pressure over I 0 years fol­

lowup. 11 8 

It has been suggested that the observed geographic variation in the prevalence of 

hypertension may in part be explained by differences in ambient UVB-exposure. 11 9 This 

hypothesis was tested in a small RCT involving 18 individuals with mild hypertension . 120 

Six weeks of thrice-weekly UVB exposure lowered systolic and diastolic blood pressure 

by-6 mm Hg (-14 to -1, P < .001) and 6 mm Hg (-12 to -2, P < .001) , respectively. In 

contrast, UV A exposure, as a control, had no effect on blood pressure . 

Vitamin D supplementation reduced blood pressure in some but not all of the 

RCTs reviewed by Piltz et al. 5 Supplementation over an 8 week period with 800 IU/d of 

vitamin 0 3 plus 1200 mg calcium, compared with calcium alone, reduced systolic blood 

pressure by 9.3% (P = 0.02) in a study population of 148 vitamin D deficient elderly wo­

man . 
121 

Likewise in a small study of involving 34 vitamin D deficient individuals ran-
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domized to receive a single dose of 100,000 IU vitamin 0 3 or placebo, follow-up systolic 

blood pressure at 8 weeks was 14 mmHg lower in the group allocated to supplementation 

(P = 0.001). 11 5 

In an RCT involving 189 elderly men and woman a single dose of 100,000 vitam­

in 0 3 had no effect on blood pressure at 5 weeks follow-up. 122 Likewise, in the Woman's 

Health Initiative study low dose vitamin 0 plus calcium had no impact on blood pressure 

and did not reduce the risk of incident hypertension over 7 years follow-up 123 As de­

scribed by Pilz et al., 5 these and the majority of other trials that failed to demonstrate an­

ti hypertensive effects of vitamin 0 supplementation where characterized by normotensive 

cohorts without prevalent vitamin 0 deficiency . Most were not designed with the primary 

intent of assessing the efficacy of vitamin 0 supplementation in blood-pressure lowering 

and may have been underpowered to detect effect differences. 

A number of overlapping mechanisms may be at play in an antihypertensive ef­

fect of vitamin 0. These would include direct effects of l ,25(0H)20 on vascular smooth 

muscle cell proliferation, 124 renoprotective effects, 125 correction of elevated PTH, 126 mod­

ulation of systolic calcium concentrations, 2 suppression of the renin-angiotensin system 

(RAS), 127·128 and improved insulin sensitivity . 129 

Calcitriol and its analogues have been shown to modulate the RAS through sup­

pression of renin biosynthesis, and l ,25(0Hh0 may serve as a counter-balance to prevent 

over-activation of the RAS. 125 ·128 The main effector of the RAS , angiotensin II , is a potent 
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vasoactive peptide and induces increased blood pressure, but also contributes to vascular 

remodelling and endothelial dysfunction. 130 Notably, angiotensin II has a range of pro-in­

flammatory properties and is able to induce vascular injury independent of its vasoactive 

effects. 130 In this respect the RAS, under modulation by l ,25(0H)2D, would serve as a 

mediating factor along a causal pathway between l ,25(0H)2D status and vascular inflam­

mation. Furthermore, some of these effects would circumvent renin effects attributable 

fully to increased blood pressure. By extension, not all vitamin D-renin modulated vascu­

lar effects would be attributable to corresponding increases in blood pressure. 

2.4.5. Does hypertension modify the 25-hydroxyvitamin D-CVD association? 

There is some evidence to suggest that hypertension may modify the vitamin D­

CVD association. 

In a prospective observational study of 1739 Framingham Offspring participants, 

low 25(0H)D status(< 37 nmol/L) was associated with a greater than twofold increased 

risk for incident cardiovascular events (HR 2.13, 95% CI 1.30-3.48) in participants with 

hypertension but not in those without hypertension (HR 1.04, 95% CI 0.55-1.96). 89 A 

formal test for interaction was of borderline significance (P = 0.08) suggesting that hyper­

tension may modify the effect of 25(0H)D deficiency on incident cardiovascular disease. 

Validation of this interaction would require a larger sample size as studies are often un­

derpowered to detect interaction. 131 
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In the Rancho Bernardo Study cohort (described previously in section 2.2.3 ), 

l ,25(0H)2D was only associated with carotid IMT in a subgroup analysis restricted to 

participants with hypertension. 100 A formal test for interaction was statistically significant 

(P = 0.036). It is not clear how comparable this interaction is to findings from the Fram­

ingham Offspring cohort since the interaction was found for l ,25(0H)2D but not for 

25(0H)D, and under normal conditions these measures are only weakly correlated. Addi­

tionally, as numerous subgroup analyses were performed the finding may have occurred 

due to chance 100 

It is conceivable that hypertension magnifies the adverse effects of suboptimal 

vitamin D status. This would be consistent with a general trend in the literature whereby a 

vitamin D-CVD association is more often confirmed in cohorts with advanced compared 

with less advanced CVD risk. Likewise in a study comprised of adults with elevated CVD 

risk, serum l ,25(0H)zD was more strongly associated with vascular calcification in parti­

cipants at very high risk for coronary heart disease (r = -0.57) compared with adults with 

elevated but less severe risk (r = -0.18). 93 

Similarly, the severity of vitamin D deficiency might also impact the strength of 

found associations. For instance, while the majority of large observational studies have 

demonstrated inverse associations between 25(0H)D levels and blood pressure, two not-
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able exceptions, the Rancho Bernardo Study and the Longitudinal Aging Study Amster­

dam, were comprised of cohorts with notably high baseline 25(0H)O levels . 
5

·
100

•
132 

In the 

Rancho Bernardo Study 86% of participants had 25(0H)O levels exceeding 75 nmol/L. 
100 

2.4.6. Vitamin D status and cardiovascular disease in HIV-positive adults 

As I have previously described suboptimal vitamin 0 status is highly prevalent in 

HIV-positive populations, and while there is only limited evidence to suggest that preval­

ence of 25(0H)O differs by HIV-status, HIV-positive individuals may be at increased 

risk of disrupted vitamin 0 metabolism. Correction of suboptimal vitamin 0 status in this 

population may be clinically important for prevention of CVO . However, causality has 

yet to be confirmed in adequately designed RCTs. Furthermore, I identified just one study 

that assessed cardiovascular implications of vitamin 0 in an HIV-positive cohort. In this 

uncontrolled pilot study, 20 vitamin 0 deficient HIV-infected adults were provided 2000 

IU/d vitamin 0 3 for 14 weeks at which point the daily dose was halved for an additional 

34 weeks supplementation. 133 Compared with baseline measures, triglycerides, cholester­

ol, adiponectin, leptin, IL-6 and TNFa were not significantly different after 24 or 48 

weeks of supplementation. Surprisingly, HOMA index (an estimate of insulin sensitivity) 

and fasting glucose levels were significantly higher at 24 weeks of supplementation , but 

these returned to baseline values by 48 weeks . Vitamin 0 3 exhibited dose-response rela­

tionships with l ,25(0Hh0 and PTH levels in that measures were improved with 2000 IU, 

but not with 1000 IU, of daily vitamin 0 3. 
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In summary, the evidence regarding health effects of vitamin D status and vitamin 

D repletion in HIV-positive adults is primarily derived from small exploratory studies and 

cross-sectional analyses at high risk of bias . Some of this evidence is consistent with the 

proposition that an HIV-positive status may increase an individual's susceptibility to dis­

rupted vitamin D metabolism . Based on research conducted in HIV-negative cohorts , 

there is sufficient evidence upon which to justify the development of large RCTs and pro­

spective observational studies to evaluate CVD implications of suboptimal vitamin D 

status . These study protocols might be improved by selecting a study population on the 

basis of elevated CVD-risk . Furthennore, the power to detect group differences may be 

improved when cohorts have representation along the spectrum of vitamin D status. Parti­

cipants in the Canadian HIV Vascular Study should meet both of these criteria . Their 

HIV-status is associated with increased CVD risk, and as Canadians they may be at high 

risk for suboptimal vitamin D status. 

The data concerning vascular effects of suboptimal vitamin D status, including its 

impact on carotid IMT, have been inconsistent; in HIV-positive adults the evidence is 

sparse . This thesis will attempt to contribute to a better understanding of vitamin D status 

and about its relationship with the extent of vascular disease in Canadian HIV-positive 

adults . 
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Chapter 3 
Testing the hypotheses: methodological considerations and the study 
protocol 

3.1. Study hypotheses and objectives 

I hypothesize that there will be greater extent of vascular disease, determined by 

baseline carotid IMT, among HIV-positive adults with lower compared with higher 

plasma levels of 25(0H)D. Furthermore, I hypothesize that a primary mechanism under-

lying this association is metabolic perturbation of the renin-angiotensin system (RAS) 

secondary to reduced 25(0H)D supply. Consequent activation of the RAS leads to in-

creased carotid IMT via direct and indirect effects involving inflammatory mediated vas-

cular injury and remodelling. Part of this effect will be mediated through arterial blood 

pressure effects on the arterial wall , and as such I hypothesize that adjustment on systolic 

blood pressure (as a mediator) in the analysis will attenuate the true carotid 

IMT-25(0H)D association . 

Given the seasonal variability of vitamin D supply, I hypothesize that suboptimal 

vitamin D status will be particularly prevalent through the 'winter-half of the year 

(November through April) when solar induced synthesis is limited. 

Additionally, vitamin D quartiles will differ by age, ethnicity, BMI, systolic blood 

pressure, leisure activity (sweating) , insulin resistance (HOMA-IR), NNRTI use, and 
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plasma PTH . Finally, I hypothesize that the carotid IMT-25(0H)D association will be 

curvilinear and that flexion points from linearity will resemble cutpoints commonly util­

ized to categorize vitamin D status. 

My primary research objective is to test whether there is an association between 

baseline extent of carotid IMT and vitamin D status in a large cohort of HIV-positive 

adults living at a latitude conducive to prevalent suboptimal vitamin D status. 

Secondary objectives are as follows : 

1. To characterize the shape of the relationship between plasma 25( OH)D and carotid 

IMT in this Canadian HIV-positive population, and 

2. To examine the effect of 25(0H)D status categorization (as per the 25(0H)D 

cutpoints in common use) on the strength of a carotid IMT-25(0H)D relationship, and 

3. To determine the prevalence of vitamin D insufficiency and deficiency, and to de­

scribe cohort specific characteristics of vitamin D status, within the Canadian HIV 

Vascular Study. 

3.2. Rationale for the study 

The prevalence of suboptimal vitamin D status in Canada is high. There is abund­

ant, but somewhat conflicting, epidemiological evidence that implicates vitamin D as an 

associated feature across a wide range of conditions including osteoporosis, cancer, infec­

tion, diabetes mellitus, multiple sclerosis, arterial hypertension, and CVD. There is evid­

ence to suggest that vitamin D supplementation may benefit cancer prevention, 134 bone 
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density, 135•
136 risk of falls, 137

•
138 risk of fractures, 139

-
142 tuberculosis infection, 

86 
hyperten­

sion, 5•
121 and diabetes . 1 Additionally, a meta-analysis of 18 randomized trials found re­

duced mortality among participants randomized to vitamin D supplementation. 
85 

As described previously in Chapter Two a number of factors related to HIV infec­

tion may disrupt vitamin D metabolism. These include: immunodeficiency and the use of 

certain medications. HIV infection may predispose individuals to disrupted calcium 

homeostasis presenting as reduced or elevated PTH, reduced 1,25(0H)iD, or hypocal­

caemia. Likewise, HIV-positive individuals may be at risk of decreased bone mineral 

density, osteoporosis, and fracture. 56
•
143

·
144 In a meta-analysis of 12 cross-sectional studies 

67% of 884 HIV-positive individuals had reduced bone mineral density (BMD), of whom 

15% were osteoporotic. 143 Compared with HIV-negative controls, HIV-positive individu­

als were sixfold and threefold more likely to experience reduced bone density and osteo­

porosis, respectively. While these data derived from cross-sectional analyses need to be 

interpreted with caution, an HIV infection-bone pathology association even if non-caus­

al - for instance, instead explained by increased baseline risk within a population more 

likely to develop HIV infection - presumably elevates the importance of vitamin D status 

in persons living with HIV infection. 

Likewise, HIV-positive adults appear to be at increased risk of CVD. 1
-
5 A number 

of factors are likely at play. 42 HIV-positive groups have elevated levels of cardiovascular 

risk factors some of which may be unrelated to HIV infection or its management (e.g., a 
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higher baseline prevalence of smoking or saturated fat intake). Inflammatory effects of 

ongoing HIV-I viremia may accelerate atherogenic mechanisms and may in part be re­

sponsible for the low high-density lipoprotein (HDL) cholesterol levels often seen in HIV 

infection. Finally, ART exposure can elevate traditional CVD risk factors including low­

density lipoprotein (LDL) cholesterol and tryglycerides . Given putative biological and 

epidemiological evidence it is plausible that any one of these CVD-relevant features of an 

HIV-infected population may be influenced by vitamin D status and hence, vitamin D 

status may be a modifiable CVD risk factor in HIV-positive adults . 

While, vitamin D repletion among HIV-negative persons is considered feasible, 

safe, and attainable, 13 efficacy related to the prevention of CVD has not been established 

in an HIV-positive population (nor, for that matter, has its efficacy been established for 

any other health outcome in HIV-infection). While correction of vitamin D deficiency 

makes intuitive sense given the vitamin's putative pleotrophic role, a number of important 

questions remain unanswered. These would include questions about appropriate 25(0H)D 

repletion targets, vitamin D dosage, potential harms, and populations most likely to bene­

fit. Furthermore, health effects may differ in clinically important ways across HIV-posit­

ive and HIV-negative populations. For instance, while HIV-positive populations appear 

to be at increased risk for a number of conditions with some relevance to vitamin D 

status, unique features of HIV infection, its management, and the population at risk, intro­

duce additional complexity into the causal milieu in which vitamin D nutrition may rep-
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resent just one causal component of a multi factorial disease process . Thus, questions 

concerning the clinical relevance of vitamin D status in HIV-positive adults, may require 

investigation directly within HIV-positive cohorts. In other words, the specificities of an 

HIV-infected cohort may limit the validity of inferences drawn from HIV-negative study 

populations. The specifics of how vitamin D repletion might best be utilized in HIV-pos­

itive adults to reduce risk of vitamin D related disease can only be determined through the 

development of well-conducted clinical trials . The main rationale for this current invest­

igation is the need to generate within an HIV-positive cohort prerequisite background 

data for refinement of hypotheses concerning vitamin D status and cardiovascular disease 

that can in future be subjected to longitudinal study. 

3.3. Methodological considerations 

In this section I discuss important epidemiological concepts as they pertain to de­

velopment of the current investigation. The intent of this section is to provide a rationale 

for the cross-sectional design, to fully explicate important limitations of the proposed 

study, and to present strategies intended to minimize risk for erred inference from the 

study findings. 

As a primary end most epidemiological investigations seek to identify and accur­

ately measure causal associations between health-relevant phenomena as they actually ex­

ist in the world. To be sure, associations are at best approximated; individual associations 
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exist within a complex causal network that is never completely understood and measure­

ment usually involves some level of error or deviation from what would otherwise have 

been the true value for each parameter of interest . 

In designing the current study, my over-riding aim was to minimize, within the 

practical context of the study environment, those sources of measurement error that can 

have undue influence on the validity of inferences from study observations . Two types of 

error need to addressed . These are, random error, for instance when measurements lack 

prec ision; and systematic error, as when some non-random influence affects the capacity 

for valid inference. In the sections that follow , these various measurement issues are ad­

dressed in the context of the current study. First, I discuss strengths and weaknesses of the 

cross-sectional design architecture . This is followed by discussion of threats to validity 

which are categorized under the broad headings of selection bias , information bias, and 

confounding bias . 

3.3.1. Strengths and weaknesses of a cross-sectional design 

The relative strength of a particular study design, and often its cost, corresponds 

to its capacity to address measurement error, and in most situations this corresponds to its 

capacity to yield strong evidence for inference of causality. In contrast, the relative merit 

of a study design corresponds to how the particular study question can best be answered 

in the context of various cost-to-benefit considerations. For instance, ideally etiological 
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research should always be longitudinal. 145 However, in lieu of preliminary data to justify 

the time and expense of deriving more costly prospective observational data the cost-be­

nefit assessment often favours efficiency over absolute costs to validity . 

In the paragraphs that follow, I discuss major strengths and weaknesses of the cur­

rent cross-sectional investigation. 

A cross-sectional design has several major strengths. First and foremost , it is effi­

cient and feasible. In the context of the Canadian HIV Vascular Study it provides a cost­

effective means of rapidly testing preliminary hypotheses. Study questions can then be 

sorted and refined as necessary so that only the most promising hypotheses are extended 

for testing within the much stronger, but less efficient, longitudinal component of the Ca­

nadian HIV Vascular Study. 

Second, in chronic conditions, as in atherosclerosis, that develop only after many 

years of exposure, a cross-sectional analysis may provide a more accurate measure of as­

sociation compared to a longitudinal study where follow-up might be insufficient for de­

tection of disease progression. In this respect the cross-sectional design shares some 

similarity with a case-control study since ascertainment of those participants with the out­

come (the cases), and controls (the remainder of the population studied), is not dependant 

on the development of disease over a prospective period of time. 145 

Third, the cross-sectional design is not typically dependant on the ascertainment 

of patient follow-up data. This is a relative strength compared to longitudinal investiga-
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tions where some level of loss-to-follow can be expected. Loss-to-follow-up can present 

as a special form of selection bias should the loss occur differentially by exposure status. 

146 

Fourth, the cross-sectional design is well suited for addressing descriptive ques­

tions about prevalence. 147 The current study will provide rapid and efficient data regard­

ing characteristics of vitamin D insufficiency/deficiency in the Canadian HIV Vascular 

Study cohort. 

The cross-sectional study design has a number of major weaknesses. First, be­

cause all variables are measured simultaneously, observed associations lack intuitive dir­

ectionality; thus, causal inference cannot be corroborated by a temporality of events. In 

this respect, valid inference from the observed associations should allow for at least two 

contrasting interpretations: as hypothesized, vitamin D insufficiency/deficiency may be a 

component cause of vascular disease; alternatively, the presence of vascular disease may 

predate development of suboptimal vitamin D status. This latter interpretation would be 

consistent with the scenario of reduced sun exposure secondary to CVD-associated ill­

ness. Lack of temporality also limits the strength of assumptions upon which study ana­

lyses are based. Without a firm reference point upon which to hang directionality, 

important assumptions required for adequate statistical adjustment become ever the more 
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complex and much less certain. As I discuss in section 3.3.4, erred assumptions about the 

causal relations between study variables could lead to the introduction of bias during the 

analysis stage of the study. 

Second, the cross-sectional design is not ideal for analysis of exposures that 

change over time. 145 In the current study, I utilize plasma 25(0H)D as a proxy for the his­

torical 25(0H)D mean. My explicit assumption is that baseline 25(0H)D will reflect a 

historical exposure period of sufficient duration to capture a meaningful disease induction 

period - where the causal mechanism is complete and thus sufficient to cause disease 148 
-

plus the time required for vitamin D related vascular change to become detectable. This 

supposition has support in that 25(0H)D has been shown to longitudinally predict incid­

ent cardiovascular disease. 32
·
39

·
92 However, some factors deserve consideration as possible 

threats to the validity of this assumption. These would include the influence of historical 

changes in prevailing attitudes about sun exposure or about the presumed importance of 

vitamin D nutrition. Additionally, the effect of vitamin D status on CVD risk may not 

entirely follow a typical dose-response relationship. For instance, as proposed by Vieth 

(2009) , 149 risk associated with vitamin D status may in part be explained by the extent of 

25(0H)D fluctuation across seasons. Ascertainment of this component of risk would re­

quire serial 25(0H)D assessment across seasons. 
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Given these important limitations, valid inference from this cross-sectional study 

about a causal association between vitamin D status and vascular disease must incorpor­

ate a large degree of uncertainty. Stronger inference would require longitudinal assess­

ment of vitamin D status prior to carotid IMT assessment. 

In summary, the cross sectional design is particularly suited for the proposed de­

scriptive prevalence component of the study, it is efficient and cost effective, and is not 

prone to bias associated with loss-to-follow-up. There are a number of notable validity 

trade-offs inherent in the cross-sectional structure. Foremost, the design lacks a temporal 

structure upon which to assess the directionality of effects . Additionally, cross-sectional 

investigations are highly vulnerable to a number of validity threats including the three 

main forms of study bias: selection bias, information bias, and confounding bias. These 

are discussed in the sections that follow. 

3.3.2. Selection bias 

Selection bias can occur whenever the study population differs in some systematic 

(non-random) way from the defined population of interest. 150 All study types, but particu­

larly observational investigations, are susceptible to this bias. In this current study selec­

tion bias can be partially explicated and minimized; however, some uncertainty regarding 

the magnitude of its effect on study observations will inevitably remain. Thus, selection 

bias represents a built-in validity threat; and an important limit on inference. 
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The target population in the Canadian HIV Vascular study includes all HIV-posit­

ive adults, aged 35 years and older, receiving care at one of five participating university 

associated HIV-clinics in Canada. In the ideal scenario, all eligible candidates would have 

had an equal opportunity for participation. The selected cohort would thus represent a 

random selection from the eligible study population . Unfortunately, bias at this recruit­

ment stage is difficult to avoid; selection entirely at random precludes the fact that some 

factors related to the study variables - this is an essential criteria for selection bias - are 

also likely relevant to decisions that influence participation. As a consequence there may 

be decreased comparability between the sample available for analysis and the population 

that the study is designed to assess. 

In the paragraphs that follow, I identify five main factors that may bias selection 

of participants or the availability of their data for this cross-sectional analysis. 

First, patients may differ according to their altruistic belief in the value of parti­

cipation (volunteer bias). If these beliefs are associated with behaviours that affect study 

variables this may bias a vitamin D-carotid IMT association . An important example of 

this particular problem is the finding that the propensity for participation may differ by 

smoking status. A selection bias will arise if those smokers who participate differ in some 

important way from those smokers who do not participate . 

Second, the severity of an eligible patient's illness may affect the capacity for 

completion of questionnaires or of other baseline measures including scheduled ultra-
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sonography. For instance, the presence of severe pain, chronic diarrhoea, or severe naus­

ea, might reduce the capacity to comply with scheduled visits and thus decrease the 

probability of participation (healthy-volunteer bias). Likewise, it is foreseeable that study 

personnel might be more likely to approach healthy, seemingly more agreeable, patients 

than those displaying physical discomfort or a negative affect. In contrast, patients requir­

ing close supervision, and accordingly more frequent clinical visits, would have increased 

opportunity for participation. Thus, unless accrual is entirely sequential the opportunity 

for participation may differ by the severity or presentation of illness. 

Third, demographic factors may bias participation. For instance, the recent 

immigrant status of a disproportionate amount of woman in the target population may be 

associated with a number of foreseeable barriers to participation including those in­

volving transportation, child care, or translation services for provision of informed con­

sent. Given this scenario, the accrual of woman would be biased towards the selection of 

woman in a non-immigrant strata or may result in an over-representation of a characterist­

ic associated with an immigrant woman's decision to participate. 

Fourth, selection bias can occur at all stages of study design and implementation 

including as a consequence of an incomplete dataset. For instance, in the current study the 

dataset available for analysis may not accurately represent the dataset that otherwise 

would have been available if all important parameters were completely captured from 

questionnaires, chart reviews, specimen assays and imaging studies. Selection bias occurs 
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if the data loss is systematic as a consequence of some factor associated with vitamin D 

status and carotid IMT. For instance, missing data may differ by the thoroughness of a 

practitioner's charting style, the complexity of the patient's case, or by the capacity of the 

patient to comprehend instructions and thus provide a complete medical history. A partic­

ular advantage of the cross-sectional design compared with a longitudinal study is that 

cross-sectional analyses are less prone to bias that occurs as a consequence of differential 

loss to follow up. However, a similar missingness issue exists in this current study given 

that a full baseline dataset is dependent on completion of a necessary sequence of steps, 

any one of which represents a barrier to complete measurement. For instance, study per­

sonal have limited control over potential barriers to blood collection (e .g., a busy phlebot­

omy office) or to carotid ultrasound imaging (e .g., scheduling conflicts and attendance). 

Bias is introduced if factors associated with any of these barriers and with vitamin D 

status and carotid IMT affect in some non-random way what participant data enters the fi­

nal dataset. 

Finally, statistical conditioning on a variable to control for confounding can intro­

duce a collider stratification bias which, as Heman et al. have argued, shares a structural 

commonality with other selection biases. 146 When the variable undergoing adjustment is a 

common effect of exposure and outcome, or is an effect of a cause of exposure or out­

come, statistical adjustment or stratification can result in a spurious statistical association 
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occurring within strata of the adjusted variable. Collider-stratification bias is represented 

structurally in Figure 1; and again in Figure 2 where in this situation the collider is a com-

mon effect of exposure and outcome. 

-- ---------------------·------------ ~ -------------. 
Variable A _______ Variable B 

f"igurc 1. In this graphical representation of col!ider srra11fica llo11 bias adjustment on a collider 
variable (C) results in a conditional association, represented by the da-;hed line (- - ·).between two 
of its causes (variables A and £3 ). 

~------~-----------------------------· 
Exposure _ _ _ _ _ _ _ Outcome 

Figure 2. Conditioning on a common effect C generates a conditional association (represented by the 
dashed line) between expOSllfC a.nd outcome within strata of C. 

Here the square around the covariate, represented by C, signifies conditioning on 

a particular value of C. In this example, even if vitamin D and carotid IMT are not truly 

associated, a conditional association will occur within strata of the common effect C. A 

more complex model of selection bias (Figure 3) demonstrates that the common effect 

can be of variables statistically associated with vitamin D or carotid IMT. 
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___ ,. 25(0H)D .... 
------------ ' .... 

Diarrhea - ' .... 
: ---------------.. Participation ' ........ 

.... 
1 /~____,., (yes= 1, no= 0) .... 

Smoking status Carotid IMT 

Figure 3. A structural illustration of selection bias 
In the illustrated scenario, a conditional association betv;een 25(0H)D and carotid I:V!T is generated 
because participant selection is biased by factors associated with exposure and outcome and thus. the 
cohort is not a random sample of the eligible population. Instead the presence of severe diarrhea (a 
plausible barrier to participation) and the occunence of smoking (smokers are typically 
underrepresented in study cohorts) affect participation. If an eligible participant with severe diarrhea 
(and therefore at a greater risk of non-panicipation) did in fact not participate because of the diarrhea, 
then it is less likely that the second cause of non-participation (smoking status) was present. Thus, 
diarrhea and smoking status are conditionally associated within strata of participation. Likewise , a 
statislicaI association between 25(0! l)D and carotid J;...ff can be detected given the backdoor path :rom 
25(0ll)D through diarrhea and smoking status, to carotid !\.'IT. 

In this scenario the effect of conditioning on the collider participation generates a 

spurious statistical association between vitamin D status and carotid IMT. Alternatively, 

the collider could be a covariate under adjustment for confounding. In effect, confound-

ing is addressed at the expense of introducing a "back-door" 151 association between vit-

amin D status and carotid IMT. This is described in greater detail in section 3.3.5 where I 

use directed acyclic graphs (DAGs) to present a structural representation of the presumed 

causal associations between the study variables. The presented DAGs are then utilized 

with the intent of facilitating identification of a best set of covariates that will efficiently 

address confounding and the negative consequences of conditioning on a collider 

variable . 
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3.3.3. Information bias 

The validity of findings in a study is dependent on accurate assessment of meas­

ured parameters. Information bias occurs when measurement error is non-random. It is 

particularly problematic if the extent of error is sufficient to produce misclassification of 

those study variables that have important influence in the analysis. Several strengths in 

this current study should help minimize its influence. 

First, due to the cross-sectional design neither vitamin D status nor vascular dis­

ease are likely to influence the manner in which data is obtained by study personnel. 

Second, measurement techniques and procedures for the determination of expos­

ure and outcome have been well standardized and validated and are performed under 

competent supervision. I expect instrumentation to be well-calibrated. Carotid ultrasound 

has been measured and analyzed according to methods validated and used in a number of 

large investigations including SECURE, 152 SHARE, 153 HART, 154 and ST ARR. 155 Carotid 

artery high-resolution ultrasound to measure carotid IMT is a well-validated method for 

assessing the extent of vascular disease. Although measurement of 25(0H)D involves 

some imprecision, 156 the error is expected to be mainly non-differential : 157 the direction 

of error is not expected to differ in some systematic way between patients with or without 

greater extent of carotid IMT. Measurement of 25(0H)D has been performed in a re­

search-based laboratory that conforms to the Vitamin D External Quality Assessment 

Scheme (DEQAS). 
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One potential source of infonnation bias is that the Elecsys 25(0H)D assay meas­

ures 25(0H)D3, but not 25(0H)D2. A high dietary intake of vitamin D2 could lead to mis­

classification of 25(0H)D status. However, in Canada vitamin D2 supplements are not 

commonly available. Likewise, food sources are mainly limited to fortified milk-alternat­

ives such as soy or rice milk. In the unlikely event of substantial vitamin D2 intake, mis­

classification would likely bias a vitamin D-carotid IMT association towards the null. The 

most problematic sources of information bias in this current study are discussed below in 

the context of bias associated with mismeasurement of confounders. 

3.3.4. Confounding bias 

The greatest validity threat in non-experimental research is confounding bias. In 

this current study, as in all observational investigations, statistical control of confounding 

will to some extent be limited by measurement error, and it is not possible to completely 

account for all known and unknown confounding factors. Additionally, uncertainty about 

causal associations between study variables can lead to errors in confounder identification 

and statistical control. For example, a variable identified for adjustment might instead 

mediate rather than confound a 25(0H)D-carotid IMT association. Another problem, as I 

have described in section 3 .3.5, would be the introduction of a collider stratification bias 

by conditioning on a common effect of exposure and outcome. 

The problem of confounding bias in this current study is discussed in two parts. 

First, I attempt to explicate the process of covariate selection by means of graphical rep-
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resentation of the analysis model in the form of directed acyclic graphs (DAGs). Second, 

I describe main sources of measurement error that may limit the capacity for statistical 

control in the analysis. 

3.3.5. Graphical representation of the causal network 

Often, a variable is labelled as a confounder on the basis of some form of statistic­

al criteria. Use of this approach without reference to subject matter may lead to invalid 

conclusions. 158 A number of authors have argued that covariate selection should be based 

on a more explicit and conscious variable screening process in order to prevent uninten­

ded consequences of inappropriate statistical adjustment. 151
·
158

·
159 160

·
16 1 Towards this end, I 

present direct acyclic graphs (DAGs) that explicate the assumptions upon which my ana­

lysis is based, and apply a systematic method presented by Greenland et al. 151 and others, 

161 for evaluating the potential negative implications of statistical control. 

As has been described in detail by Judea Pearl, DAGs provide a basis for "identi­

fying and explicating the assumptions needed for substantiating causal claims". 162 The 

framework described by Pearl allows problems to be framed in the way that the investig­

ator perceives nature to work, 163 and in a format whereby necessary causal assumptions 

can be explicated, manipulated, and presented graphically. Moreover, in application to 

epidemiology DAGS provide a framework for describing the structural basis of con­

founding and other key epidemiological concepts. 
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A few comments on DAGS are in order. DAGS link variables (nodes) with direc­

ted lines (edges) whereby the line represents a direct causal effect, and the direction, rep­

resented by an arrow, encodes a temporal sequence between the first variable (the parent) 

and the second variable (the child). This temporal feature specifies that the graphs are 

"acyclic" since a variable cannot cycle back in time and cause itself. The absence of a dir­

ected line between any two variables indicates that the investigator is able to assume the 

absence of a direct effect of one variable on the other. 

Causal DAGs can frame true causal associations but they also encode the causal 

determinants of statistical associations, and thus reflect the component contributions to 

the association that, A) are a consequence of the causal effect of exposure on outcome or, 

B) are the consequence of a summation of spurious, non-causal , "back-door" paths 

between exposure and outcome. In other words, they provide information relevant to the 

detection of spurious and causal associations. Causal DA Gs provide infonnation about 

the effect of variable adjustment on other variables within the causal model. For instance, 

the DAG encodes potential negative validity consequences of conditioning on a particular 

variable, and elucidates optional variable subsets for sufficient or best-case adjustment. 

The primary hypothesis of the current study can be represented by the partial 

DAG illustrated in Figure 4. 

Suboptimal 25(0II)D Status --- Carotid IMT 

Figure 4. Partial DAG representing the primary hypothesis 
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The above DAG satisfies the three necessary criteria of causation as defined by 

Pearl. 164 First, the cause (suboptimal vitamin D status) and effect (increased carotid IMT) 

are correlated. Second, the cause proceeds the effect. Third, the association is non-spuri-

ous, that is, it is not explained by any third variable . By definition the DAG represented in 

Figure 4 is incomplete given that a causal DAG must also reflect all common causes of 

any pair of variables. 146 A more complete scenario is represented in Figure 5, whereby U 

is a common cause of both suboptimal vitamin D status and increased carotid IMT. 

u 
\\~---------------

.... ------
--- .. 

Suboptimal 25(0H)D Status ----. Carotid lMT 

Figure 5. Partial DAG representing the primary hypothesis . U repre>cnts 
common causes of exposure and outcome 

My qualitative a priori assumptions about the underlying causal structure of the 

current study are encoded in the causal DAG given in Figure 6. 
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Figure 6. Causal assumptions of the analysis model. 
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The causal pathway between 25(01!)0 and carotid !\-IT is represented by the double lines ( -~ ). \1ediating 
variables are bolded. l\ote, insulin resistance (IR) and blood pressure (BP) arc assumed to both mediate and confound 
the 25(01 l)D-carotid L\H association. Also , the causal effects of age, ethnicity, and gender have been minimized in the 
interest o'.· avoiding an unwieldy DAG. 1,250 indicates l ,25-dihydroxyvitamin O: 25(011)0. 25-hydroxyvitamin 0: 
CKO, chronic kidney disease: ACE Is. angiotensin-convcrting enzyme inhibitors; ARV. antiretrovira\ drug therapy 
regimen; BP. blood pressure: !3\11, body mass index: IR, insulin resistance: PTII. parathyroid hormone: RA.S, reni.11-
angiotensin system: TC :! IDL total cholesterol to 1 lDL cholesterol ratio. 

An important criterium of a confounder is that it is not on a causal pathway 

between exposure and outcome (note that here I am referring specifically to the con-

founding component of a variable since it is possible for the same variable to both medi-

ate and confound an association). Unless the causal network has been completely and 

accurately defined - a rare situation in epidemiological research - it can be difficult to 

know with certainty that a covariate does not mediate a causal association. As described 
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in Figure 6 I expect, based on inference from clinical trial data in HIV-negative popula­

tions, that insulin resistance (IR) and elevated blood pressure may each mediate some 

component of the causal path between plasma 25(0H)D concentration and carotid IMT. 

If my assumptions are correct, adjustment on these variables would attenuate or eliminate 

the hypothesized association . 

This problem, an issue of overadjustment, 165 could lead to an erroneous conclu­

sion that vitamin D status is not causally important. Alternatively , should either IR or 

blood pressure have both confounding and mediating roles , failure to account for con­

founding in the analysis would bias the effect measure presumably towards overestima­

tion of the true causal association between plasma 25(0H)D and carotid IMT. 

In acknowledgement of this potential problem and based on the causal assump­

tions described by the DAG in Figure 6, I conduct the primary analysis without adjust­

ment on either of these two variables , but instead adjust for BMI, total cholesterol to HDL 

cholesterol ratio (TC:HDL), age (causal relation not represented in Figure 6), and ART, 

in an attempt to close backdoor pathways mediated by insulin resistance or blood pres­

sure . Unfortunately, some important variables remain unmeasured. The potential influ­

ence of dietary factors that affect insulin sensitivity and blood pressure may to some 

extent remain and confound the 25(0H)D-carotid IMT association. 

The impact of this decision to not adjust for insulin resistance and blood pressure 

on the basis of their presumed mediating roles will be assessed by way of sensitivity ana-
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lysis whereby they will individually be inserted into the analysis for evaluation of influ­

ence on the effect measure . Specific methods to account for overlap between a variable's 

mediating and confounding effects have been proposed 165
, but are beyond the scope of 

this current investigation. 

As I have previously discussed, statistical methods for adjustment of confounding 

are fallible. Covariate selection on the basis of statistical criteria - for instance, where 

variable selection is automatic according to stepwise selection - can lead to erroneous 

conclusions . For the purpose of generating qualitative guidance with respect to the covari­

ate selection process I utilize a graphical algorithm presented by Greenland et al. 151 and 

others . 161 The procedure provides a mechanism for examining the sufficiency of a given 

set of variables for closure of pathways that confound the true causal association between 

exposure and outcome. A particular advantage of the procedure is that it provides graph­

ical representation of pathways generated by the analysis itself. That is, it illustrates the 

problem of collider-stratification bias whereby adjustment of a col/ider variable (the 

child) , creates a conditional association between two or more of its causes (the parents) . 

The algorithm provides a means of assessing whether these induced associations may re­

quire inclusion of additional covariates in the analysis . 

As previously stated, the causal assumptions upon which my primary analysis is 

based are illustrated by the causal DAG in Figure 6. 
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Figure 7 represents the first step in the procedure: all exposure effects are re-

moved, thus producing a DAG representing the null-hypothesis of no exposure effects . 

The remaining lines (regardless of the direction of arrows) represent backdoor paths me-

diated by nondescendents of 25(0H)D. Each path represents the underlying structure of a 

possible spurious, non-casual statistical-association between exposure and outcome. The 

goal of statistical control is closure of all paths by conditioning on a minimally sufficient 

subset of covariates . 
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Hgure 7. Step one completed~ thus, providing a DAG representing the null hypothesis of no exposure effects. 
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Figure 8. Conditioning oll the variable subs.et containing ethnicity, gender and age 
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Figure 8 illustrates conditioning on the variable subset containing ethnicity, 

gender, and age (indicated by the square around each adjusted variable). The next step in 

the procedure is illustrated in Figures 9 through 11 . Here we connect every pair of vari-

ables that share a common child that is itself contained within the subset of adjusted co-

variates or has a descendant within the subset. The resulting DAG illustrates the problem 

of conditioning on a collider and the risk of generating additional backdoor paths that 

may require additional adjustment in the analysis . For instance, a diet high in saturated fat 

80 

http:nfesl.on


MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

can elevate TC:HDL, but so too can PI use. If we know that the TC:HDL is elevated in an 

individual on a low fat diet the probability of the presence of another cause of elevated 

lipids such as PI-use is increased. 

.. 
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oul·:foo~ 
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(.:. • :; .J at '"1) , .~~.[) .. .., 
AGEi! .: 
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• 1r: • 

' .. ... 
: BP .. 

··"- ...... 

:i 1 :; HD~ I"" 
" 

.. 
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~- sto') >I 
HIV- ""11o:.t )"I 

Cl>1 f'. a.j • 
D~y·! S."1:.c 

:1 3. ·;J "l:>SS 

<t 
CV1 :.ou"I \ 

_-..."":. ... 

• .. Carotid IMT 

f'igurc 9. Conditioning on the child (TC: IlDL) creates a conditional association. represented by the dasherl line ( ), 
between two of its parents (ARV and diet). f L)f illustrative purposes, only one pair (ARV and diet) of many possible 
parent combinations is presented. The complete representation is illustrated in f igure l l 

In this scenario, diet and ART become conditionally associated within strata of their com-

mon effect elevated TC:HDL The effect of adjusting on the collider TC:HDL (Figure 9) 

is represented by the undirected line generated between diet and ART. Note the emer-

gence of a backdoor path from 25(0H)D through BMI (or oral D), diet, ART, history of 

HIV infection (or smoking or intracellular 1,25(0H)2D or insulin resistance) through to 
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carotid IMT. A more complete illustration of the effect of conditioning on TC:HDL (i.e. it 

includes the conditional association between each pair of its parent variables) is 

presented. 
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Figure I 0. Complete graphical representauon of conditional associations generated by control o~· TC :l IDL. Conditional 
associations are represented by the dashed line ( ) 

The final step in the algorithm, is to visually assess whether a covariate set is suf-

ficient for closure of all backdoor paths between exposure and outcome. This is facilitated 

by removal of all lines passing through the conditioned variable set. Figures 11, 12, and 

13 illustrate a progressive reduction of paths with each DAG corresponding to the step-

wise addition of a variable chunk. 
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flgurc 13. The effect o:· conditioning on a covariate subset o: ethnicity , gender, age. smoking, 13:-..·tl , TC: [ IDL, ARV, 
CD4 nadir, Days since diagnosis, walking outdoors, and CKD. 'lote, conditioning on CD4 count and CKD may be 
unnecessary. 

Figure 13 illustrates the consequence of conditioning on the covariate set that in-

eludes ethnicity, male gender, age, walking outdoors, BMI, TC :HDL, smoking, CD4 

nadir, days since diagnosis, ART, CD4 count and CKD. Note all backdoor paths are elim-

inated except for the path mediated by diet. Unfortunately, because this variable remains 

unmeasured its contribution to confounding will not be directly addressed in the analysis. 

The DAGs in Figures 14 and 15 represent the effects of conditioning on IR or BP. The re-

maining paths between circulating l ,25(0H)2D and carotid IMT indicate that, while ad-
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justment on these variables would attenuate the 25(0H)D-carotid IMT association, some 

component casual effect would remain . The clinical relevance of this casual association is 

not known; and the association, due to a smaller effect size, might not be detectable. 
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Figure 14. The effect o~·condiuoning on a covariate subset of ethnicity , gender, age. smoking. n:--. ir. TC: !!DL. ARV. 
CD4 nadir, days since diagnosts, CD4 count, walking outdoors, CKD, and IR. 
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Figure 15. The effect o: conditioning on a co vanatc subset o:· ethnicity, gender, age, smoking. 13'.'v!I. TC:!IDL. ARV, 
CD4 nadir. days since diagnosis , CD4 count, walking outdoors, CKD, JR. and blood pressure. 

3.3.6. Mismeasurement of con founders 

Residual confounding, a consequence of error in measurement of confounders, 

can lead to incomplete statistical control and substantial bias. 166
•
169 The effect of this error 

is complex. Residual confounding can attenuate the statistical association between con-

founder and exposure and thus obscure the confounder's actual influence. 167 In a simula-

ti on study, Fewell et al. found that the direction of bias in the effect estimate, as a 

consequence of measurement error in confounders, is dependent on such factors as 

whether the con founders are correlated, the number of unmeasured con founders, and the 
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correlation of the con founders with exposure. 169 Of note, they reported that unmeasured 

confounding produced the most serious bias and that small or moderate bias in the meas­

urement of individual variables could in summation substantially bias the outcome. Other 

factors that have been shown to influence the overall bias include the magnitude and 

correlation of measurement errors, and the format of the data (dichotomous or continu­

ous). 16s.1 69. 110 

A main limitation in this current study is that the Canadian HIV Vascular Study 

was not designed specifically with the aim of measuring vitamin D associated risk of vas­

cular disease. Consequently, some characteristics relevant to statistical control for con­

founding in this current study are unmeasured. Notably absent are reasonable estimates of 

participants' lifestyle habits relevant to dietary and solar sources of vitamin D. 

As I have previously described, the main source of vitamin D supply for most in­

dividuals is solar induced synthesis in the dermal layer of the skin . Thus, circulating 

25(0H)D is to a large extent affected by the duration and intensity of sun exposure and 

by those factors that modify vitamin D synthesis such as skin pigmentation, clothing, sun­

screen use, and age. It is plausible that any one of these factors might confound an associ­

ation between circulating 25(0H)D and vascular disease; and ideally, in the interest of 

statistical efficiency, I would adjust directly on an accurately measured parameter of solar 

induced vitamin D synthesis . This would close a number of back-door pathways between 

25(0H)D and carotid !MT. 
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Unfortunately, direct measurement of solar induced vitamin D production is not 

practical in epidemiological research and indirect estimates are imprecise. 171 Exposure 

items on the recently administered questionnaire can provide crude approximations, but 

data are available for only 75 of 283 participants. Furthermore, these data are subject to 

historical bias given that current attitudes towards sun exposure may not reflect attitudes 

that were prevalent during the period of baseline specimen collection. These data are also 

subject to recall bias since a participant's recollection of previous behaviour may be influ­

enced by factors related to vitamin D status and cardiovascular risk. 

In lieu of direct information, I intend to utilize the variables ethnicity and walking 

outside as proxies for skin pigmentation and exposure to sunlight, respectively . I expect 

some degree of residual confounding since these estimates are crude. For instance, there 

is substantial variation in skin pigmentation across self-reported ethnicity; and walking 

outside is only one of many ways by which a participant might be exposed to sunlight, 

and it does not account for biological factors that modify vitamin D synthesis . 

An important limitation in this study is the lack of adequate information pertain­

ing to dietary and supplemental vitamin D intake . As described previously, relevant data 

derived from the recently administered study questionnaire are incomplete and suscept­

ible to historical and recall biases. This lack of information is problematic because a 

statistical association between dietary or supplemental vitamin D intake and baseline ca-
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rotid IMT may be due to shared lifestyle or socioeconomic characteristics that remain un­

measured. Statistical adjustment on vitamin D intake would presumably provide an effi­

cient means of controlling for a number of these unmeasured confounders. 

Similarly, adjustment on some proxy for a healthy diet, such as the extent of fruit 

and vegetable intake, would provide a means of reducing confounding effects mediated 

by unmeasured healthy lifestyle factors. Unfortunately, while the smaller CIHR compon­

ent of the dataset includes a measure of fruit and vegetable intake, for the majority of par­

ticipants dietary intake has not been assessed. 

The problem of unmeasured confounding represents a major limitation of obser­

vational based nutritional epidemiology. Failure to understand complex differences 

between participants with low versus high status of a studied nutrient may explain why 

observational findings often differ from those derived from randomized trials. 172 

Unmeasured confounding may be most problematic when confounders are un­

correlated. Therefore adjustment on lifestyle factors strongly associated with vitamin D 

but also presumably associated with a range of characteristics associated with a healthy 

lifestyle may mitigate the influence of these unmeasured characteristics. For instance, ac­

curate assessment of vitamin D input, and of fruit and vegetable consumption, would 

have provided a means of addressing unknown confounding factors associated with a 

healthy lifestyle. In lieu of this control , unmeasured confounding may lead to substantial 

bias in the estimated 25(0H)D-carotid IMT association . 
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In the next few paragraphs I discuss the issue of residual confounding that may 

occur as a consequence of misclassification of CVD risk factors. 

In the Canadian HIV Vascular Study smoking status is strongly associated with 

carotid IMT extent and progression. 116 Presumably, it may also be statistically associated 

with vitamin D status and thus, it may confound the 25(0H)D-carotid IMT relationship. 

As presented graphically in Figure 6, a pathway between 25(0H)D and smoking status 

may be mediated by TC:HDL and BMI, or by some unknown lifestyle factor that affects 

vitamin D status through dietary effects on BMI or vitamin D intake. Accurate assess­

ment of smoking status is problematic since categorization based on data derived from 

self-reported tobacco use tends to underestimate smoking prevalence. 173 Additionally, 

measurement of the CVD risk attributable to smoking is challenged by mediating factors 

such as smoking frequency, depth and duration of inhalation, and the amount of re breath­

ing of expelled smoke. 165 

Measurement of blood pressure and the ascertainment of hypertension can be 

problematic in epidemiological research. Error can occur as a consequence of practitioner 

level variation in the way blood pressure is assessed and managed. For example, health 

providers may vary in their propensity to round blood pressure measures downward. This 

rounding error would be further complicated if the propensity to round differed by patient 

characteristics such as other components of the patient's CVD risk profile. Another meas­

urement problem would occur if physicians differed in their adherence to diagnostic 
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thresholds for classification of hypertension. For instance, there may be inter-practitioner 

variation in duration of the assessment period that an individual physician provides for 

discrimination of true hypertension from "white-coat syndrome", and as follows, the 

threshold for initiating antihypertensive treatment might also differ. Thus, assessment of 

the true confounding effect of hypertension on the basis of a participant's exposure to an­

tihypertensive therapy may be biased by practitioner level imprecision in how hyperten­

sion becomes classified. 

In summary, the validity of the current study is threatened by residual confound­

ing issues that occur as a consequence of incomplete measurement or misclassification of 

important variables. The direction and magnitude of bias on the study effect estimates are 

dependent on a number of inter-related factors including: the magnitude of measurement 

error; the strength of associations between mismeasured or unmeasured confounders and 

25(0H)D status, and their individual effects on exposure-outcome risk; and whether con­

founders or the error in their measurement are correlated. 165
·
169

·
170 

3.4. Study population and setting 

The Canadian HIV Vascular Study is a prospective cohort investigation designed 

to evaluate the association between atherosclerotic progression; anti-retroviral drug regi­

men; immune reconstitution; and standard and nonstandard cardiovascular risk factors. 

HIV positive persons, aged 35 years or older, attending university affiliated clinics in five 
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Canadian Centres (Hamilton, Toronto, Calgary, Quebec City and Vancouver) were re­

cruited between October 2002 and June 2009. Participants were enrolled irrespective of 

cardiovascular risk factors or past cardiac history . 

For this current investigation a cross-sectional dataset was created consisting of 

283 participants with baseline carotid IMT. 

3.5. Clinical characteristics 

Demographic and clinical characteristics were collected at each centre by ques­

tionnaires administered by research staff and by chart review. Blood pressure is measured 

twice and results averaged. 

To capture data related to vitamin Doral intake and solar production a single page 

questionnaire (see appendix C) was administered to a subset of the Canadian HIV Vascu­

lar Study cohort during the months of July through October in 2009. These data are not 

representative of the entire cohort and the questionnaire has not yet been validated. Fur­

thermore, as described in section 3.3.6, owing to their more recent time-frame of collec­

tion they may not reflect the condition of vitamin D input at the time of specimen 

collection. In consideration of these limitations, information gleaned from the vitamin D 

questionnaire will be used descriptively, but will not be utilized for the purpose of statist­

ical adjustment in primary or secondary analyses . 
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3.6. Laboratory analyses 

Participants had been instructed to complete an overnight fast prior to venous 

blood collection for measurement of plasma glucose, total cholesterol, HDL cholesterol, 

and triglycerides. LDL cholesterol was calculated by the Friedewald equation. CD4-T­

lymphocyte counts were obtained by F ACS analysis and plasma HIV- I viral load was 

measured by Chiron bDNA assay at the Central Public Health Laboratory in Toronto, 

Ontario. All other laboratory assays were conducted using stored EDT A plasma samples 

that were frozen at -70°C. 

Plasma 25(0H)D3 concentrations and intact PTH were determined by electro­

chemiluminescence immunoassay (Roche Elecsys vitamin D3 assay and the Elycys PTH 

assay , respectively; Roche Diagnostics , Indianapolis, IN), analyzed on the Roche Modu­

lar Analytics E 170 at the Clinical Research and Clinical Trials Laboratory at Hamilton 

General Hospital. The Clinical Research and Clinical Trials Laboratory participates in the 

Vitamin D External Quality Assessment Scheme (DEQAS; internet: www.deqas.org) . 

Intra- and inter-assay coefficients of variation (CV) for 25(0H)D3 measures were 

well within acceptable limits. Intra-assay CVs were 5.1 %, 2.3% and 2.2% for control val­

ues of 57, 78.5, and 215 nmol/L, respectively, while inter assay CVs were 6.0%, 3.2%, 

and 3.3% for control values of 54, 77, and 210 nmol/L. 
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The Elecsys vitamin D assay cannot detect 25(0H)D2 and thus it can underestim­

ate total 25(0H)D concentrations. However, in this Canadian cohort the occurrence of 

vitamin 0 2 is expected to be minimal. 

3.7. Carotid ultrasound methods 

Measurement of carotid IMT by high resolution 8-mode ultrasound is a non-in­

vasive, sensitive, and reproducible technique for quantifying subclinical vascular disease . 

A number of factors are known to contribute to the intima-media thickness . These include 

effects associated with aging, blood pressure, and atherogenesis . 174 Carotid IMT is associ­

ated with risk for myocardial infarction, stroke, death from coronary heart disease, and 

with the extent of angiographic coronary artery disease . 11 2
·
175 

At baseline and annually participants in the Canadian HIV Vascular Study under­

go high-resolution 8-mode ultrasound at participating ultrasound laboratories according 

to a standardized protocol. The scanning and measurement protocol, developed and valid­

ated by Lonn et al., 152 measures carotid IMT as the mean of 12 carotid IMT segments, 

consisting of near and far wall measures located 1 and 2 cm above the carotid bifurcation 

(Figure I 6) . This technique, involving an initial transverse scan, followed by a longitudin­

al circumferential scan, aims to image the thickest component of the arterial wall at each 

prespecified arterial segment. 
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CCA 

lntima, 

Medial \ Adventitia 

.Figure 16. Diagrammatic representation of right carotid artery scan. n1e tip of the flow divider is 
shown representing the anatomic landmark used to define the carotid artery segments analyzed. A 
plaque is seen in the far wall of the bifurcation and internal carotid artery (IC A) segments. CCA -
common carotid artery; ECA-- external carotid anery. (Lonn et al. 1996) 

Videotaped images were read at the Core Ultrasound Laboratory (Hamilton, 

Ontario) by a blinded reader under the supervision of Dr. Lonn . Calculation of carotid 

IMT was facilitated by use of computer-assisted software (Image-Pro V4.5. l ; Glen Bum-

ie, Maryland) . A mean maximum IMT was computed by averaging maximum IMT meas-

urements from each of the twelve preselected segments. This provides a summary 

parameter pertaining to the left and right common carotid artery, bulb, and internal carot-

id arteries. 

Prior validation of 12-segment carotid IMT at the Core Ultrasound Laboratory 

demonstrated good reproducibility with interclass correlation :::: 0 .90 and coefficient of 

variation < 5% for repeat examinations . 
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3.8. Power analysis 

On average, carotid IMT in the Canadian HIV Vascular Study Cohort progresses 

at a rate of0.02 (SD= 0.13) mm/year. 116 A difference of0.05 mm representing 2.5 years 

of aging was judged by the author to be clinically important. Based on a mean (SD) 

baseline carotid IMT of 0.81 mm (0.25) and an existing sample size of 286, power of the 

study to detect an effect size of 0.20 (0.05/SD) is 0.92, two-tailed a= 0.05, comparing a 

0.05 mm difference between the carotid IMT mean above (HO) with the carotid IMT 

mean below (HI) the third 25(0H)D quartile. Power analysis was performed using 

G*Power 3.0.10. See appendix D. 

3.9. Analysis 

Descriptive statistics are presented as mean with standard deviation, or median 

with interquartile range, for continuous data, and as number and percent for categorical 

variables. Prior to analyses, data was represented graphically. Outliers were assessed for 

plausibility and influence. 

For parametric tests, carotid IMT was logarithmically transformed. All statistical 

tests were performed using two-sided tests at the 0.05 level of significance. P values were 

reported to three decimal places with values less than 0.00 I reported as< 0.001. Missing 

values were handled using imputation with the mean (median for categorical variables) 

and regression-based imputation. 
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3.9.1. Seasonal variation of 25(0H)D 

As vitamin D status varies by season, 25(0H)D3 was analyzed as seasonally ad­

justed z-scores determined by date of sample collection and its correspondence to one of 

4 seasonal periods. In a simulation study evaluating misclassification bias related to 

25(0H)D variation, failure to account for date of sample collection resulted in attenuation 

of risk estimates whereas in models utilizing 25(0H)D categories that accounted for date 

of sample collection (i.e., season-specific or month-specific quartiles) bias associated 

with temporal variation was reduced. In this latter scenario effect estimates closely ap­

proximated truth (long-term average 25(0H)D levels). 176 

One advantage of z-score adjustment is its preservation of vitamin D as a continu­

ous variable. A particular limitation of seasonal standardization is that summer status may 

not necessarily correspond to the severity of winter season deficiency (personal corres­

pondence with R. Vieth, unpublished data, 2009). In a subset of 16 participants selected 

on the basis of available data, the intraclass correlation coefficient (ICC, case-type "3" 177) 

was estimated to assess agreement between samples collected during "colder" (November 

through April) or "warmer" months (May through October). 
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3.9.2. Characteristics of vitamin D status 

Prevalence data regarding vitamin D status are presented as the proportion of par­

ticipants within each vitamin D status category (i.e. deficiency, insufficiency, and suffi­

ciency). Vitamin D status is also presented across ethnic categories. 

I describe vitamin D status by presenting relevant clinical characteristics stratified 

by season-standardized 25(0H)D3 quartiles. Across group differences were compared us­

ing analysis of variance (ANOV A) for continuous variables and using the x2 test for cat­

egorical variables. The following characteristics were compared: age (years), male sex 

(%), BMI, estimated skin colour (based on ethnicity categories where white was classified 

as light skin; South Asian, Chinese, First Nation and other were classified as medium 

skin, and Black was classified as dark skin), physical intensity of leisure activity (low, 

moderate, and high, estimated from self-reported frequency of sweating during leisure 

activity), current smoker(%), absolute CD4 cell count(> 500, 200-499, and< 200 cells/ 

mm\ CD4 nadir(< 200 cells/mm\ current ART (no treatment, Pl-based regimen, 

NNRTI-based regimen, triple NRTl-based regimen, other regimen), blood lipids 

(TC:HDL, HDL, and lipid lowering medication use), fasting plasma glucose, systolic 

blood pressure, diastolic blood pressure, history of hypertension (systolic 2:140 mm Hg, 

diastolic~ 90, or receiving anti-hypertensive medication;%), history of cardiovascular 

disease(%), PTH, and carotid IMT. 
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Selected data extracted from the vitamin D questionnaire is utilized descriptively 

to characterize vitamin D input. Vitamin D supplemental intake was defined as none; 

moderate, estimated to provide 200 to 400 JU vitamin D3 daily (participants who indic­

ated use of a multivitamins or calcium with vitamin D or cod liver oil only); or high, es­

timated to provide greater than 400 IU vitamin D3 daily (participants who indicated use of 

more than one source or use of a specific vitamin D3 supplement). Daily intake from forti­

fied food sources was calculated based on an estimated l 00 IU vitamin D per glass of 

milk or milk substitute. Estimated vitamin D3 intake from dietary fish was not calculated 

since the fish intake item on the questionnaire pertains to combined salmon and tuna in­

take; as food sources their vitamin D content differs substantially. 

3.9.3. Regression analyses 

As the primary analysis I estimated linear regression models to explore the rela­

tionship between season-standardized 25(0H)D3 and carotid IMT (as the dependant vari­

able). As the relationship was hypothesized to not be linear, for purposes of the primary 

analysis, 25(0H)D3 was modelled by quartile, as a nominal categorical variable. 

The analysis approach was that models should include all scientifically relevant 

variables as determined on the basis of experimental evidence, biological plausibility, and 

the presumed sufficiency of the subset to adjust for confounding (described in section 

3.3.4). If a full-model were to appear unstable (or over-fit) variable selection was to de­

termined by chunkwise selection. Covariate subsets, in order of prespecified importance, 
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were chunk one (age, gender, smoking status including current and former, TC :HDL); 

chunk two (ethnicity, BMI); chunk three (ART-type) , chunk four (CD4 nadir, current lip­

id lowering medication use) , and chunk five (physical activity, duration of HIV infection 

(years since diagnosis) , CD4 count, and history of chronic kidney disease (CKD)) . The 

causal assumptions that underlie conditioning on these covariate sets have been presented 

graphically in Figures 8 through 15 . A variable for study centre and a categorical variable 

for season were introduced within each model. The decision to avoid conditioning on 

measures of insulin resistance and hypertension, on the basis that these may mediate the 

25(0H)D-carotid IMT association, was tested by inclusion of relevant variables for each 

in regression models. The included variables were systolic blood pressure or hypertension 

and fasting plasma glucose (a more precise measure of insulin resistance i.e., HOMA-IR 

was not available). 

To assess statistical interaction, multiplicative terms were computed between 

25(0H)D and the variables, age, hypertension, and BMI. The threshold for inclusion 

within main effects models was a significant likelihood ratio tests at the P level of 0.05 . 

For continuous data, abnormalities of scale were investigated through uni variable 

restricted cubic spline analyses with three knots, located at the 5th, 50th and 95th percent­

iles. For regression analyses BMI was classified into three categories: under or normal 

weight (BMI < 25 kg/m2
), overweight (BMI 25 .0- 29.9 kg/m2

) and obesity (BMI > 30.0 
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kg/m2). Ethnicity was categorized as White, Black, First Nation, South Asian, Chinese, 

and other. Absolute CD4 T-cell count and CD4 nadir were analysed as nominal categoric­

al variables as per definitions previously described. 

To enhance our understanding of the shape of the relationship between 25(0H)D 

status and carotid IMT, in addition to the quartile categorization as per the primary ana­

lysis, 25(0H)D3 was modelled using commonly used thresholds of status (deficiency, :::; 

37.5 nmol/L; insufficiency,> 37.5 to 74.9 nmol/L; and optimal,?: 75 nmol/L (referent)) 

and as a continuous variable. 

Multivariable restricted cubic spine regressions were conducted to describe the re­

lationship between vitamin D status and carotid IMT. A 25(0H)D3 spline function was 

generated based on four knot (using the default setting) and three knot (selected on the 

basis of clinically relevant 25(0H)D3 levels) settings. 

On the basis that hypertension may magnify the adverse vascular effects of vitam­

in D deficiency 89- hypertension and presumably vitamin D deficiency can influence vas­

cular remodelling- subgroup analyses were performed to assess for the presence of 

quantitative heterogeneity ("effect modification") across patients stratified on the basis of 

hypertension status. 

To assess for model instability and numerical problems (complete separation and 

collinearity) coefficients and their standard errors were assessed for magnitude aberra­

tions. Collinearity was further investigated by calculating variance inflation factor (VIF) 
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and measures of tolerance. A tolerance of 0.1 or less or a VIF of 10 or greater was con­

sidered evidence of high collinearity. Linear regression results are expressed as R2 (where 

appropriate), regression coefficients, standard errors, corresponding two-sided 95% con­

fidence intervals, and associated p-values. P-values are reported to four decimal places 

with values less than 0.0001 reported as <0.0001. Goodness-of-fit was estimated by com­

paring R2 values, and by examining the residuals for the model assumptions . Analyses 

were performed using ST AT A version 10.1 (StataCorp, College Station, TX) . 
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Chapter 4 
Results and Discussion 

4.1. Study results 

A total of 283 participants from the Canadian HIV Vascular study were included 

in the analysis on the basis of available carotid IMT and 25(0H)D3 measurements . 

Baseline participant characteristics are presented in Table 3. Of the participants, 89% 

were men , the mean age (SD) was 51 .8 (8 .3) years, 85 % were white, and 36% were cur-

rent smokers . Less than 8% of participants had a history of intravenous drug use. 

Carotid IMT ranged from a min of 0.47 mm to a max 2.24 mm, with a mean (SD) 

of 0.81 (0.25). Almost one third of participants were classified (as per the study defini-

tion) as having a history of hypertension . Lipid lowering medication was used by 15% of 

participants ; for the majority of these, medication type (statin or fibrate) was not 

differentiated. 

The mean (SD) 25(0H)D3 concentration was 85 .6 (33.0) nmol/L. The overall pre-

valence of 25(0H)D deficiency(:'.': 37 .5 nmol/L) was 2.1 %. No participant had a 

25(0H)D3 level characterized as severe( :'.': 25 nmol/L). The prevalence of insufficiency(> 

37 .5 to 74.9 nmol/L) was 38 .9% whereas 59% of participants could be classified as vit-

amin D sufficient (or optimal status ,~ 75 nmol/L). 
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Table 3 Baseline characteristics of the study population (n = 283) 

25(0H)D3, nmol/L * 85.6 (33.0) 

Age, years* 51.8 (8 .3) 

Male sex, number (%) 250 (89) 

Body mass index, kg/m 2* 25. I (4 .3) 

Current smoker, number(%) 101 (36) 

Ethnicity, number(%) 

White 238 (85) 

Black I 4 (5) 

First Nation 5 (2) 

South Asian 2 (< I) 

Chinese 2 (< I) 

Other 2 I (7) 

Estimated skin colour, number (%)t 

Light skin 238 (84) 

Medium skin 30 (I I) 

Dark skin I4 (5) 

Physical activity, number (%)t 

Low I02 (36) 

Moderate 115 (41) 

High 66 (23) 

Absolute CD4 T-cell count, number(%) 

> 500 cells/mm3 111 ( 40) 

200-499 cells/mm3 123 ( 44) 

< 200 cells/mm3 45 (16) 

CD4 T-cell nadir < 200 cells/mm3
, number (%) 16I (58) 
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Current ART, number(%) 

Pl-based regimen 80 (29) 

NNRTI-based regimen 108 (39) 

NRTI-only regimen 23 (8) 

Other regimen 24 (9) 

No current therapy 45 (16) 

Total cholesterol :HDL ratio* 5.0 (2.3) 

HDL cholesterol mmol/L * 1.08 (0.4) 

Lipid lowering medication use, number (%) 42 (15) 

Plasma glucose nmol/L * 5.5 (1 .3) 

Systolic blood pressure mm Hg* 121 (16) 

Diastolic blood pressure mm Hg* 77(11) 

Hypertension, number(%)§ 80 (29) 

History of cardiovascular disease, number(%) 19 (7) 

Parathyroid hormone pmol/L * 3.07(1.31) 

Carotid IMT* 0.81 (0 .25) 
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25(0H)D3 indicates 25-hydroxyvitamin 0 3; ART, antiretroviral therapy; PI, protease 

inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside/ 

nucleotide reverse transcriptase inhibitor. 

*Mean(SD) 

tBased on ethnicity categories where white was classified as light skin; South Asian, 

Chinese, First Nation and other were classified as medium skin, and Black was classi­

fied as dark skin. 

tEstimated from self-reported frequency of sweating during leisure activity 

§Systolic 2:;140 mm Hg, diastolic:'.". 90, or receiving anti-hypertensive medication. 

By ethnic categories, 61 % (146/238) of whites would be classified as vitamin D 

sufficient, whereas only 40% (4/10) of blacks had 25(0H)D3 levels reflecting sufficiency. 

In the remaining ethnic categories combined, inclusive of the South Asian, Chinese, and 

other category- presumably these represent participants with skin colour intermediate 

between whites and blacks- 60% ( 18/30) had 25(0H)D3 concentrations exceeding the suf­

ficiency threshold. 

Clinical and demographic characteristics of study participants according to sea­

sonally adjusted 25(0H)D3 quartiles are shown in Table 4. Quartile groups were not 

statistically different by age, TC:HDL ratio, systolic blood pressure, diastolic blood pres­

sure, smoking status, plasma glucose, immune status parameters, estimated skin-colour 
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groupings or by carotid IMT. Quartiles differed significantly by mean BMI (P = 0.0242), 

history of hypertension (P = 0.04), and mean PTH concentration (P = 0.0002). In the 

highest 25(0H)D3 quartile, representation by participants exposed to Pl-based ART was 

45% compared to the next highest, the NNRTI-based group which constituted 26% of the 

quartile. The proportion of PI-based ART exposure differed significantly across quartiles 

(P = 0.005). Similarly, the proportion of participants exposed to lipid lowering medica-

tion was also significantly different across quartiles (P = 0.036) . 

Table 4. Unadjusted baseline characteristics of the study participants by quartiles (Q) of 

seasonally adjusted plasma 25(0H)D3 levels 

Ql Q2 Q3 Q4 p 
Characteristic n = 71 n = 71 n = 71 n = 70 Valuet 

50.7 73.0 90.2 129.0 

25(0H)D3, nmol/L * (9.5) (5 .5) (7 .8) (31.3) 

Age, years* 52.2 51.6 52 .2 51.3 0.8976 

(8.1) (7 .7) (9 .3) (7.9) 

Male sex , number(%) 59 (86) 65 (92) 62 (86) 64 (93 ) 0.403 

Body mass index, kg/m2* 26 (4) 26 (5) 25 (4) 24 (4) 0.0242 

Current smoker, number(%) 20 (29) 24 (34) 28 (39) 29 ( 41) 0.403 

Estimated skin colour, number 

(%)tt 

Light skin 57 (81) 57 (81) 60 (83) 64 (91) 0.305 

Medium skin 8 (11) 7 (10) 10(14) 5 (7) 0.620 
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Dark skin 5 (7) 6 (9) 2 (3) l ( l) 0.156 

Physical activity, number (%)t 

Low 25 (36) 25 (35) 24 (33) 28 (40) 0.866 

Moderate 30 (43) 27 (38) 32 (44) 26 (37) 0.770 

High 15 (21) 19 (27) 16 (22) 16(23) 0.881 

Absolute CD4 T-cell count 

> 500 cells/mm3 42 .7 35 .. 2 38.9 42 .7 0.775 

200-499 cells/mm3 39.7 45. l 45.8 45 .6 0.871 

< 200 cells/mm3 12 ( 18) 14 (20) 11 (15) 8 ( 12) 0.618 

CD4 T -cell nadir < 200 cells/mm3 42 (62) 37 (52) 39 (54) 43 (62) 0.506 

ART-type (current) , number(%) 

Pl-based regimen 19 (28) 15 (21) 15 (21) 31 ( 45) 0.005 

NNRTI-based regimen 29 (42) 32 (46) 29 (40) 18 (26) 0.09 

NR TI-only regimen 8 ( 12) 4 (6) 7 (10) 4 (6) 0.498 

Other regimen 4 (6) 7 (10) 7 (10) 6 (9) 0.805 

No current therapy 9 (13) 12 ( 17) 14 (19) 10 (14) 0.738 

total cholesterol:HDL ratio* 4.9 5.1 5.0 4.8 0.7551 

( 1.6) (1 . 7) ( l. 7) (1.4) 

HDL cholesterol* 1.0 1.1 1.1 1.1 0.2381 

(0 .3) (0 .3) (0.4) (0.4) 

Lipid lowering medication use, 6 (9) 7 (10) 4 (6) 14 (20) 0.036 

number(%) 

Plasma glucose nmol/L * 5.7 5.5 5.4 5.3 0.1731 

(2.3) (0 .8) (0.7) (0.5) 
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Systolic blood pressure, mm Hg* 123 122 123 I I 7 0.1554 

( 19) (14) ( 17) (15) 

Diastolic blood pressure mm Hg* 79 78 78 74 0.1404 

(13 .0) (I 0.6) (9.6) (11.6) 

History of hypertension, number 24 (35) 23 (32) 23 (32) 10 (15) 0.04 

(%)§ 

History of cardiovascular disease, 7 (10) 3 (4) 5 (7) 4 (6) 0.567 

number(%) 

Parathyroid hormone* 3.5 3.1 3.1 2.6 0.0002 

( 1.6) ( 1.1) (1.2) ( 1.1) 

Log carotid IMT* -0.28 -0.22 -0.23 -0.27 0.4493 

(0.27) (0 .29) (0 .26) (0 .26) 
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25(0H)D3 indicates 25-hydroxyvitamin D3; ART, antiretroviral therapy; PI, protease 

inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside/ 

nucleotide reverse transcriptase inhibitor. 

tP values for quartile differences were calculated using ANOVA for continuous vari­

ables and the x2 test for categorical variables. 

*Mean( SD) 

ttBased on ethnicity categories where white was classified as light skin; South Asian, 

Chinese, First Nation and other were classified as medium skin, and Black was classi­

fied as dark skin. 

:j:Estimated from self-reported frequency of sweating during leisure activity 

§Systolic 2:140 mm Hg, diastolic 2: 90, or receiving anti-hypertensive medication. 

Table 5 summarizes estimated vitamin D consumption for the 74 participants who 

provided vitamin D questionnaire data. An estimated intake from nutritional supplements 

or milk products of at least 400 iu per day was attained by 28% and 8% of participants, 

respectively. Of the seven participants to have reported soy or rice milk intake-the main 

source of vitamin Dronly one of these would be classified as having a daily vitamin D2 

intake of at least 400 IU. 
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Table 5. Supplemental and dietary vitamin D intake 

Estimated supplemental intake, number(%)* 

None 25(34) 

Moderate 28(38) 

High 21 (28) 

Participants with a daily intake from all milk sourcest of at least 400 IU, 6(8) 

number(%) II 
Participants consuming a milk substitute (soy or rice milk) , number(%) 7 (9) 

*Moderate supplemental intake estimated to provide 200 to 400 IU vitamin 0 3 daily 
(participants who indicated use of only one of multivitamins, calcium with vitamin 0 3 , 

or cod liver oil), high supplemental intake estimated to provide greater than 400 IU vit-
amin 0 3 daily (participants who indicated use of more than one source or use of a specif-
ic vitamin 0 3 supplement) . 

tCow's, goat , rice , or soy. 

I/ Assuming fortification of I 00 JU vitamin D per glass of milk or milk substitute. 

In unspecified (by protocol) analyses, plasma 25(0H)D3 levels were not signific-

antly different by month (P = 0.0874, ANOV A) or by seasonal category (November 

through January, February through April , May through July, August through October; 

ANOV A, P = 0.2079) . Plasma 25(0H)D, levels were statistically different across colder 

and warmer months (November through April; May through October, P = 0.0373); how-

ever, the seasonal variation was minimal ; colder and warmer month means (SD) were 

82.2 (29.3) and 90.5 (37.4), respectively . Plasma 25(0H)D3 by seasonal category of spe-

cimen collection date is illustrated in Figure 17. 
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Vitamin D by Seasonal Categories 
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Figure 17. Vltaf"'lin D concentration within each seasonal category according to date of 
specimen collection . 

Repeat 25(0H)D3 measures across two seasonal periods (colder months vs. warm-

er months) were available for 16 participants. Intra-participant agreement between 

25(0H)03 measures collected during one of each season was high (ICC= 0.84) suggest-

ing that seasonal variation had minimal influence on determination of 25(0H)03 status in 

the study population. Figure 18 illustrates the relationship between data-driven z-scores 

and unadjusted 25(0H)D3 values. 
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Figure 18. Plot of 25(0H }D ... alues on seasori adjusted z-scores illustrating a reasonabl y 
strong linear relations hip 

Results of uni variable and multivariable linear regression models are shown in 

Table 6. In univariable linear regression analysis season adjusted 25(0H)D by quartile 

was not statistically associated with carotid IMT (P = 0.4493, R2 = 0.0 I) . Adjustment for 

known risk factors and other variables hypothesi zed to potentially confound a 25(0H)D-

carotid IMT association had no appreciable effect on the probability of an association . 
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Likewise, evidence of an association was not affected by the inclusion of the prespecified 

multiplicative terms, or by performing analyses stratified by hypertension status (data not 

presented). 

Table 6. Results of univariable and multi variable linear regression analyses: season ad-

justed 25(0H)D3 estimates for carotid IMT. 

25(0H)D3 Standard error 95% CI P Value 

Estimate 

Univariable (n=283)* 

Quartile 1 referent 

Quartile 2 0.062 0.05 -0.028 - 0.152 0.174 

Quartile 3 0.05 0.05 -0.039 - 0.14 0.267 

Quartile 4 0.01 0.05 -0.08 - 0.1 0.828 

Full Model (n=266)*t 

Quartile 1 referent 

Quartile 2 0.057 0.04 -0.02 - 0.134 0.149 

Quartile 3 0.033 0.04 -0.043 - 0.109 0.393 

Quartile 4 -0.003 0.04 -0.081 - 0.075 0.941 

Continuoustt -0.005 0.01 -0 .032 - 0.023 0.733 
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*Estimates based on season adjusted 25(0H)03 z-scores by quartile 

t Adjusted for age, gender, smoking status (including current and former smoking) , 

TC:HDL, ethnicity, BMI category, ART-type , CD4 nadir category, CD4 category, lipid 

lowering medication use, physical activity, years since HIV diagnosis , history of kidney 

disease, and season. 

t25(0H)D3 season-adjusted z-scores modelled as a continuous variable . 

Regression diagnostics were unremarkable except for the following two issues . 

First, a few observations were highlighted and assessed for their potential to exert undue 

influence on model estimates. Deletion of identified observations had minimal impact on 

regression estimates; observations were not removed from presented analyses. Second, 

the variable for clinic site contributed a model specification error (link test for model 

specification); consequently, rhe variable was excluded from regression analyses . 

As prespecified secondary analyses , 25(0H)D3 was modelled according to com­

monly used thresholds of status (deficiency, S 37.5 nmol/L; insufficiency,> 37.5 to 74.9 

nmol/L; and optimal ,:'.". 75 nmol/L (referent) and as a continuous variable. Again, 

25(0H)DJ status failed to demonstrate a significant association with carotid IMT (data for 

status categories not presented) . 

Because the shape of the relationship between 25(0H)D3 and carotid IMT was hy­

pothesized to be curvilinear, I conducted restricted cubic spine linear regression analyses 
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(4 knots) in order that 25(0H)D3 could be modelled as a continuous variable. As the in­

fluence of season on 25(0H)D3 variability was shown to be minimal (and for purposes of 

presentation) the 25(0H)D3 spline function was determined using unadjusted plasma 

25(0H)03 values. By the default setting for a 4 knot placement (mkspline2, Stata IC 

10.1 ), knots were established at 25(0H)D3 values of 44.08, 72.84, 92.26, and 144 nmol/L. 

In univariable analysis (see Table 7) there is a statistically significant curvilinear relation­

ship between 25(0H)D3 and carotid IMT characterized by spline variable coefficients 

(these represent the s lope in each respective region between knots) that are positive, neg­

ative, and positive, respectively. Formally, there is a significant departure from linearity 

(Wald test, P = 0.0181) . After adjustment for age, gender, smoking status, TC :HDL, eth­

nicity , BMI status, ART-type, CD4 nadir, lipid lowering therapy use , physical activity, 

years since HIV diagnosis, history of kidney disease, and season, only the first variable 

coefficient (or slope) remained statistically significant (P = 0.040) . 

Table 7. Carotid IMT against a restricted cubic spline function of 25(0H)D3 with 4 

knots .* 

25(0H)D3 Standard 95% CI P Value 

Estimatet Error 

Univariable model 

Variable I 0.006 0.002 0.002 -0 .011 0.007 

Variable 2 -0 .023 0.01 -0 .042 - -0.003 0.021 

Variable 3 0.063 0.03 0.004 - 0.122 0.038 
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Full Model§ 

Variable 1 0.004 0.002 0.0001 - 0.008 0.043 

Variable 2 -0.014 0.009 -0.031- 0.003 0.101 

Variable 3 0.037 0.026 -0 .015 - 0.088 0.166 

*25(0H)D3 spline variable coefficients based on 4 knots corresponding to unadjusted 

25(0H)D3 values of 44.1 , 72 .8, 92.3, and 144 nmol/L. 

tVariable coefficients are estimates of slope, each variable corresponding to an interval 

between the knots. 

§Adjusted for age, gender, smoking status (including current and former smoking) , 

TC:HDL, ethnicity, BMI category, ART-type, CD4 nadir category, CD4 category, lipid 

lowering medication use, physical activity, years since HIV diagnosis , history of kidney 

disease, and season. 

Figure 19 (obtained using POSTRCSPLINE 178 in Stata/IC I 0. I) illustrates a cur­

vilinear relationship between 25(0H)D3 and predicted log transfom1ed carotid IMT 

(based on the full model with each variable set at its mean value) . 
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Agure 19 . Predi cted log carotid IMT based on a restricted cubic spline functon of25(0H}D with 
knots set at 44 • .. 72 .8. 92 .3. and ·44 nr1ol/L. Analysis was adjusted for age . gender. srr1oking 
status (including current and former smoking ). TC :HDL. ethnicity, BMI category. ART-tTPe . CD4 
nadir category CD4 category, lipid lowering medication use. physical activity, years since HIV 
diagnosis. t1is tory or kidne y disease , and seas on with ea ch variable set at its ri ean ...alue . 
Graph constructed with POSTRCSPLINE 178 in Stata.11c •. 0. • . 

Analyses were also performed utilizing knot placement determined primarily on 

the basis of clinical relevance: knots were set at 25(0H)D3 values of37 .5, 80, and 120 

nmol/L. In univariable analysis (see Table 8) the spline variable coefficients demon-

strated a curvilinear relationship between 25(0H)03 and carotid IMT characterized by an 

association that is positive immediately below, and negative immediately above, the 80 

nmol/L level. After adjustment for age, gender, smoking status, TC:HDL, ethnicity, BMI 

status, ART-type, CD4 nadir, CD4 category, lipid lowering medication use, physical 

activity, years since HIV diagnosis , history of kidney disease, and season, the first and 
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second 25(0H)D3 spline variables remained statistically significant in the model (P = 

0.044 and 0.026, respectively). Figure 20 illustrates a curvilinear relationship between 

25(0H)D3 and predicted log transformed carotid IMT (based on the multivariable 3 knot 

model with each variable set at its mean value). 
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Agure 20. Predicted log carotid IMT based on a restricted cubic spline function of 25(0H)D with 
knots set at 37.5. 80. and 120 nmol/L . Analysis was adjusted for age, gender. sn1ok.ing status 
(including current and forMer smoking }. TC:HDL. ethnicit1'. BMI categor,'. ART-type . CD4 nadir 
category. CD4 category. lipid lowering r1edication use. physical activity, 1-ears since HIV 
dlagnos is. t1is tory of kidney disease. and sea son with each variable set at its 111 ean value . Graph 
constructed with POSTRCSPLINE 17Sin Stata/IC ' 0. 1. 

Figures 19 and 20 provide evidence of a possible threshold effect occurring within 

a 25(0H)03 interval spanning upper and lower regions of insufficiency and sufficiency 

status, respectively. 
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I performed a number of post hoc analyses in exploration of primary and second­

ary findings. These are described below. 

A test for linear trend conducted by modelling a continuous 25(0H)D3 variable 

comprised of the four within-quartile medians against carotid IMT was not statistically 

significant (P for trend= .762). 

In addition to the prespecified subgroup analyses that were stratified by history of 

hypertension, analyses were conducted by smoking status, BMI categories, ART regimen, 

lipid lowering medication use, activity levels and CD4 nadir less than 200 cells/mm3
. As 

with the previous exploratory subgroup analyses based on the primary model, subgroup 

stratification did not provide evidence of an association. 
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Table 8. Carotid IMT against a restricted cubic spline function of 25(0H)D3 with 3 

knots chosen at clinically relevant values .* 

25(0H)03 Standard 95% CI P value 

Estimate t Error 

Univariable model (n=283) 

Variable I 0.003 0.002 0.0005 - 0.007 0.025 

Variable 2 -0.003 0.001 -0.006 - -0 .0005 0.021 

Full Model§ (n = 266) 

Variable I 0.003 0.001 0.0001 - 0.005 0 .042 

Variable 2 -0.003 0.001 -0 .005 - -0.0004 0.019 

*Three knots corresponding to unadjusted 25(0H)D3 values of 3 7 .5, 80, and I 20 nmol/ 

L. 

tVariable coefficients are estimates of slope, each variable corresponding to an interval 

between the knots. 

§Adjusted for age, gender, smoking status (including current and fom1er smoking) , 

TC:HDL, ethnicity, BMI category, ART-type , CD4 nadir category, CD4 category, lipid 

lowering medication use, physical activity, years since HIV diagnosis, history of kidney 

disease, and season. 

Additional restricted cubic spline regression analyses were conducted to further 

explore the apparent curvilinear relationship between 25(0H)D3 and carotid IMT. It 

should be noted that the generated 25(0H)D3 spline variables are functions of both 
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25(0H)03 concentration and of the specified knots-they are not affected by the response 

variable carotid IMT. In other words, specification of the knots, by number or by specify-

ing explicit values for knot placement, will influence the relative shape of the 25(0H)Dr 

carotid IMT relationship. However, as illustrated in figures 19 through 21 (Figure 21 

presents default 3 and 5 knot variations of the relationship) a notable flexion-point from 

linearity occurs in each case approximate to the upper and lower values of insufficiency 

and sufficiency, respectively. 
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Agure 21. Predicted log carotid IMT based on restricted cubic spline functions of 25(0H;o with three knots 
(set at 49. ; . 79.7 and 123.6 nm ol/L ) and five knots (set at 44. •. 64 9. 79 .9, 98 6. and • 44 ) Analyses were 
adjusted for age. gender. s n1 oking status (including current and forr'1 er s ri oking ;, TC HDL. ethnicity, BMI 
category, ART-type, CD4 nadir category, CD4 category. lipid lowerin~ riedication use. physical act1Ylty, 
years since HIV diagnosis, history of kidney disease, and season ·with each variable set at its rnean value . 
Graph constructed with POSTRCSPLINE 178 in Sta ta/IC ~ 0. • . 

Accordingly, the general shape appears reasonably robust to the influence of knot place-

ment; and in each version there is an apparent positive 25(0H)Drcarotid IMT association 

among participants with 25(0H)D3 values in the suboptimal range(< 75 or< 80 nmol/L). 

In order to explore the nature of this finding in greater detail I conducted separate 

linear regression analyses within each of two populations distinguished by the 25(0H)03 
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cutpoint 80 nmol/L. Note that in addition to its purported clinical relevance, 80 nmol/L 

also happens to fall on the 25(0H)D3 median . Notable findings from analyses restricted to 

participants with less than sufficient 25(0H)D3 levels are presented below. 

None of the analyses restricted to participants with optimal status (in this case de­

fined as a 25(0H)D3 value 2:: 80 nmol/L) produced statistically significant results . 

Main results of these exploratory analyses are presented in Table 9. After adjust­

ment for all covariates as per the primary analysis, lower 25(0H)D3 concentration was 

statistically significantly associated with higher carotid IMT (P = 0.043) . Inclusion of 

25(0H)D3, compared with the base covariate model without 25(0H)D3, demonstrated an 

improved fit (LR chi2(1)=5.07, P = 0.0244). The model explained approximately 55% of 

the variation in carotid IMT (R2 = .55), an improvement of approximately 2% over the 

base covariate model. Evidence of an association was not affected by the inclusion of the 

prespecified multiplicative terms . Regression diagnostics revealed a potential problem of 

statistical influence. Removal of one observation in particular had a substantial effect on 

the statistical significance of 25(0H)D3 in the model (P = 0. l 04) but had only slight im­

pact on the 25(0H)D3 coefficient. 
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Table 9. Estimates from multiple regression models carotid IMT restricted to parti-

cipants with suboptimal 25(0H)D3 status* 

25(0H)D3* Standard 95% CI p-value 

Estimate error 

Univariable (n =142) 

0.005 0.002 0.001 - 0.008 0.008 

Multivariable (n = 135) 

0.003 0.001 0.0001 - 0.0058 0.043 

Stratified by CD4 nadir 

CD4 nadir < 200 cells/mm3 

Uni variable 0.006 0.002 0.001 - 0.01 0.019 

(n =81) 

Multi variable 0.006 0.002 0.001 - 0.01 0.013 

(n = 77) 

CD4 nadir 2: 200 cells/mm3 

Uni variable 0.003 0.002 -0.002 - 0.008 0.224 

(n =59) 

Multivariable 0.001 0.002 -0.004 - 0.005 0.818 

(n = 58) 
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*Defined as 25(0H)D3 <80 nmol/L. 

§Adjusted for age, gender, smoking status (including current and former smoking) , 

TC:HDL, ethnicity, BMI category, ART-type, CD4 nadir category, CD4 category, lipid 

lowering medication use, physical activity, years since HIV diagnosis , history of kidney 

disease, and season. 

As a consequence of the reduced sample size most subgroup analyses within the 

suboptimal status population were not informative . In the subgroup defined by a CD4 

nadir of less than 200 cells/mm3 the effect of 25(0H)D3 was statistically significant in 

uni variable analysis (P = 0.019) . It remained statistically significant after inclusion of all 

covariates as per the primary analysis (P = 0.013) . Inclusion of 25(0H)D3, compared with 

the base covariate model without 25(0H)D3, demonstrated an improved fit (LR chi2(1) = 

9.00, P = 0.0027). The model explained approximately 59% of the variation in carotid 

IMT (R
2 

= 0.59, P = 0.0002), an improvement of approximately 5% over the base covari­

ate model. The statistical significance of 25(0H)D3 in the model was robust to deletion of 

the previously identified influential observation . In these models the effect of 25(0H)D
3 

was not significant in analyses restricted to the subgroup of participants without a CD4 

nadir of less than 200 cells/mn,-1
. 
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4.2. Discussion 

4.2.1. Summary of key results 

I hypothesized that there would be greater extent of vascular disease, determined 

by baseline carotid IMT, among HIV-positive adults with lower compared with higher 

plasma levels of 25(0H)D. My hypothesis was not confirmed: carotid IMT was not asso­

ciated with plasma 25(0H)D3 status in primary analyses . 

Surprisingly, 25(0H)D3 levels exhibited minimal seasonal variation and levels did 

not substantially correspond to a hypothesized winter-season trough. Another unexpected 

finding was the high prevalence of vitamin D sufficiency and the low prevalence of vit­

amin D deficiency in this Canadian HIV-positive population. 

In restricted cubic spline linear regression analyses- these were utilized to allow 

for a hypothesized 25(0H)D3 curvilinear effect on carotid IMT- spline variables in the 3 

knot clinically relevant model were statistically significant. The demonstrated curvilinear 

effect suggests that the 25(0H)Drcarotid IMT relationship is positive below, and inverse 

above, the 80 nmol/L cutpoint. Surprisingly, the expected U-shaped relationship is inver­

ted. Consistent with this finding, exploratory regression models restricted to participants 

comprising the suboptimal range of 25(0H)DJ status demonstrated an unexpected posit­

ive linear association between plasma 25(0H)DJ and carotid IMT. 
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4.2.2. Strengths and limitations 

A main limitation of this investigation is that the Canadian HIV Vascular Study 

was not designed specifically with the aim of measuring vitamin D associated risk of vas­

cular disease. Consequently, some factors relevant to statistical control are unmeasured or 

have been measured with perhaps some important level of imprecision. A notable prob­

lem was the absence of a precise summary measure for outdoor physical activity . Physic­

al activity is associated with CVD risk, and outdoor activity (particularly during warmer 

months) is associated with cutaneous vitamin D input. The variable walking outdoors 

would have provided a reasonable measure of control; however, it was only partially cap­

tured in the dataset. The workaround was to infer activity level based on patient reported 

frequency of sweating during physical activity. The effect of this potential residual con­

founding as a consequence of the inherent imprecision in estimation of vitamin D associ­

ated physical activity is not clear. 

I was unable to directly adjust for dietary vitamin D input and other dietary 

factors associated with a healthy lifestyle (e.g. fruit and vegetable intake) . However, con­

founding attributable to diet is presumably controlled by adjustment of mediating factors 

such as BMI, blood lipids, and dyslipidemia. My original intent of assessing insulin res­

istance via a HOMA-IR calculation was modified to assessment of blood glucose control 

(via fasting plasma glucose). This is because HOMA-IR could not be calculated from 

baseline specimens. A viable alternative to HOMA, waist circumference, was available 
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for only a subset of the the study population. It is likely that plasma glucose would con­

trol for much of the CVD effect associated with insulin resistance; but presumably, resid­

ual effects could occur in a small minority of patients with combined hyperinsulinemia 

and normoglycemia . The direction of residual effect in this case would depend on wheth­

er insulin resistance mediates or confounds a 25(0H)Drcarotid IMT association- plaus­

ibly it may do both. 

A particular strength of the study was that procedures for the determination of 

plasma 25(0H)DJ concentration and carotid artery IMT have been well standardized and 

validated and were performed under competent supervision. In this regard, findings from 

the primary uni variable analyses (i.e. of no association) should be considered reasonably 

robust to the influence of measurement error. The problem of residual confounding ap­

plies mainly to interpretation of secondary and exploratory analyses where statistical ad­

justment was indeed necessary for further assessment of positive uni variable findings. 

This study is limited by its cross-sectional design. The positive association 

between 25(0H)D3 and carotid IMT identified in analyses restricted to participants 

without vitamin D sufficiency cannot be considered causal without further confirmation 

from prospective investigation. Furthermore, a substantial number of exploratory analyses 

were performed increasing the probability of having experienced a type I error. 
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4.2.3. Interpretation 

The primary finding that low viiamin D status is not associated with increased ca­

rotid IMT is consistent with two previous studies of vitamin D effects on common carotid 

IMT. Michos et al. cross-sectionally studied a population of 650 Old Order Amish adults 

living in Pennsylvania (U.S.) and were unable to detect a statistically significant associa­

tion between 25(0H)D and measures of subclinical vascular disease including coronary 

artery calcification and carotid IMT. 98 In a cross-sectional analysis of 614 older adults in 

the Hoorn study (The Netherlands) low 25(0H)D status was not associated with common 

carotid artery IMT. 99 This occurred despite findings from a prior prospective study within 

the Hoorn cohort that found an association between low vitamin D levels and an in­

creased risk of CVD and all-cause mortality. 99 This apparent discrepancy highlights some 

concern about the sensitivity of common carotid IMT (more specifically, as a measure of 

vascular disease extent) for detection of vitamin D-associated CVD. Hypothetically , the 

effect of low vitamin D levels on development of CVD might be mediated by factors, for 

instance by blood pressure or myocardial structural defects, that exert minimal early stage 

influence on the common carotid IMT. 99 Or alternatively, as found in a third vitamin D­

carotid IMT outcome study, detection of vitamin D associated vascular disease might be 

partially dependant on the site of carotid IMT measurement. In an investigation involving 

654 older adults from the Rancho Bernardo Study (California, U.S.), selected on the basis 

of a negative history of coronary heart disease, revascularization, or stroke, 25(0H)D was 
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independently associated with internal carotid IMT (P = 0.02), but not with common ca­

rotid IMT (P = 0.83). 100 As discussed in section 2.4.3, the internal carotid IMT might 

provide a more sensitive measure of vascular disease change and this might be particu­

larly relevant in the assessment of HIV-associated atherosclerosis. 114 

The present finding of a non-linear 25(0H)Drcarotid IMT relationship has not to 

my knowledge been previously reported. Michos et al. formally tested for a parabolic re­

lationship between 25(0H)D and carotid IMT by the inclusion of a polynomial 25(0H)D 

term in regression models, however, the effect of the term was not statistically significant. 

98 Wang et al. reported a U-shaped curvilinear relationship between 25(0H)D status and 

incident CVD risk in 1739 Framingham Offspring Study participants that was character­

ized by higher CVD risk in participants with lower levels of 25(0H)D. 38 In contrast, in 

the present study the U-shaped relationship between 25(0H)D3 and CVD risk appears in­

verted. While the apparent shape confirms a study hypothesis regarding curvilinearity, the 

inverted orientation was unexpected. Furthermore, while I had hypothesized that flexion 

points from linearity would resemble flexion cutpoints utilized to categorize vitamin D 

status-the finding of a threshold effect approximate to 80 nmol/L is certainly in line with 

this proposition-the inverted shape substantially complicates interpretation. According to 

the restricted cubic spline analyses, carotid IMT may attain its highest values approximate 

to the cutpoint differentiating optimal from insufficiency status. 
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The positive 25(0H)Drcarotid IMT association noted in participants with subop­

timal vitamin D status was confirmed in regression analyses restricted to participants be­

low the 25(0H)D3 median. This finding might not be generalizable given issues related to 

the presence of influential data in the analysis. However, irrespective of whether the iden­

tified influential observation is included or excluded from analyses, there is on the whole 

some consistency in support of a positive 25(0H)Drcarotid IMT association within the 

suboptimal interval of vitamin D status. 

While the biological basis of this finding is not clear, it is consistent with findings 

from a recent (2010) study that detected a positive association between serum 25(0H)D 

concentrations and subclinical vascular disease in 340 African American adults with type 

2 diabetes. 179 In this relatively vitamin D deplete population living in North Carolina 

(U.S.), 25(0H)D concentration, in cross-sectional analysis adjusted for age, gender, BMI, 

glycosylated hemoglobin, and glomerular filtration rate, was positively associated with 

carotid artery and aortic calcified atherosclerotic plaque (P = .013 and .014, respect­

ively). This seemingly novel finding is in contrast with the bulk of observational evidence 

(discussed in section 2.4), that on the whole is consistent with an inverse association 

between vitamin D levels and CVD risk. Consequently, the study authors, Freedman et al, 

proposed that their findings might be unique to an African American population. An 

alternative explanation, in line with findings from the present study, is that the detected 

positive 25(0H)D-vascular disease association, is unique not by race, but by the popula-
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tion's rather homogenous risk level for vitamin D insufficiency. Accordingly, Freedman 

et al, by selecting a study population on the basis of race, and by implication, by skin col­

our, may have unintentionally constructed a population with enough similarity to the 

present study's below median analyses so as to avoid attenuating features inherent in 

modelling a curvilinear relationship based on incorrect linear assumptions. In other 

words, Freedman et al, selected a population devoid of the inverse (or perhaps non-lin­

ear), component of the inverted-U shape. Hypothetically, their analysis is akin to examin­

ing the vitamin D-CVD relationship within one strata of the vitamin D status 

categorization. Vitamin D status in the African-American Diabetes Heart Study with a 

mean (SD) of 50.4 (30.5) tended to be somewhat lower than vitamin D status within the 

present study's suboptimal status category (mean 61. 9 ( 13 .4 ), for participants with 

25(0H)D < 80 nmol/L) . Accordingly, the positive association between vitamin D concen­

tration and detectable vascular disease might only be important among groups with an el­

evated risk for suboptimal vitamin D status. 

The cross-sectional design of this study limits interpretation about the direction of 

effect. One plausible explanation for the the positive association is that low vitamin D 

levels, below the sufficient threshold, may simply indicate the presence of another factor 

associated with non-atherosclerotic vascular thickening. For instance physical activity can 

contribute positively to carotid IMT and low vitamin D status may be a marker of low 
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physical activity. However, in consideration of a worst case scenario, the positive associa­

tion could imply that partial but incomplete restoration of vitamin D stores might confer 

an increased CVD risk. 

There are several other unexpected findings. First, in this Canadian population I 

had hypothesized that 25(0H)D levels should adhere to seasonal variation characterized 

by an important winter season trough. Surprisingly, my hypothesis was not confirmed. 

Second, the prevalence of vitamin D sufficiency was notably higher than expec­

ted, and the upper quartile (min max, 100.7 and 250 nmol/L) contributed substantially to 

detectable differences in across quartile comparisons of BMI, history of hypertension, on­

going exposure to Pl-based ART, PTH, and to lipid lowering medication use. With regard 

to history of hypertension and PTH concentration, this finding is unexpected given that 

substantial contrast should mainly be noted at the 25(0H)D3 median (80 nmol/L) as it is 

at this level where having attained optimal status incremental increases in 25(0H)D3 

levels should in theory no longer correspond to clinical improvement. For the character­

istics BMI, ongoing exposure to Pl-based ART, and lipid lowering medication use, their 

disproportionate representation in the upper quartile would be consistent with the proposi­

tion that these lead to elevation, or are associated with factors with the potential to elev­

ate, 25(0H)D3 concentration . 

Third, I had hypothesized that NNRTI use would vary across quartiles, and I 

provided evidence (see section 2.2.5) that PI-use could impair vitamin D metabolism. In 
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contrast, the largest proportion of the highest quartile was comprised of participants ex­

posed to PI-based ART. NNRTI exposure did not statistically significantly differ across 

quartiles; however, proportionally, NNRTI-exposed participants are distributed mainly in 

the lower 3 quartiles. 

It is possible that these across quartile drug differences may be clinically import­

ant because the synthesis and degradation of 25(0H)D, l ,25(0H)D, and of a number of 

important drugs utilized in the management in HIV infection share common metabolic 

pathways. For instance, in a study of 63 participants prescribed atorvastatin following an 

acute Ml, statistically significant improvements in lipid parameters (TC, LDL and trigly­

cerides) were noted only among participants with 25(0H)D levels of at least 30 nmol/L. 

180 It has been proposed that 25(0H)D and atorvastatin interact at the level of CYP3A4 

metabolism. While few patients within the present study had a 25(0H)D3 level lower than 

30 nmol/L, combined interactions at the level of CYP3A4 metabolism might theoretically 

alter the 30 nmol/L threshold. To add to this scenario, lipid lowering therapy use in the 

upper quartile of 25(0H)D3 might be a biomarker of statin efficacy as statins have also 

been shown to improve vitamin D status. 181 By this proposition statin failure among pa­

tients with suboptimal vitamin D status could presumably correspond to increased carotid 

IMT up to a particular threshold (say 80 nmol/L) at which point statin efficacy, once at­

tained, would attenuate further vascular thickening. Exploratory analysis to test this pro­

position were not informative, in part perhaps due to low sample size in subgroups. 
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4.3. Unanswered questions and future research 

The primary aim of this study was mainly intended to address the following ques­

tion : is suboptimal vitamin D status associated with the baseline extent of vascular dis­

ease? As per the primary analyses, I was unable to demonstrate an association . The 

related hypothesis that low vitamin D status would be associated with increased cardi­

ovascular disease risk as evidenced by increased carotid IMT extent, was not confirmed 

in any of the primary, secondary, or exploratory analyses . 

The apparent confirmatory nature of findings related to questions about the pres­

ence or absence of an association, and about linearity, shape, and the congruence of this 

cohort with others, should not be construed to imply that any one study hypothesis has 

been sufficiently confirmed. Most findings, including the curvilinear inverted-U-shape re­

lationship-it was hypothesized (implicitly) to be upright-were unexpected . Appropri­

ately, in light of this, the strength of inference from these study findings should be 

commensurate with the high risk of bias associated with a hypothesis generating investig­

ation . With this in mind I address three main areas where study findings might infonn fu­

ture research. 

First, one of the more unexpected findings was the high level of vitamin D suffi­

ciency in this Canadian HIV-positive population. Likewise vitamin D deficiency 

(25(0H)D3 <37.5 nmol/L) was present in only 2.1 % of the study population. While the 

present study was well designed to assess vitamin D status in the Canadian HIV Vascular 
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Study cohort, and in consequence these prevalence findings are relatively robust, they are 

generalizable mainly to HIV-positive white, middle-aged, males. Study findings suggest 

that suboptimal vitamin D status may be particularly prevalent in blacks: only three of ten 

black participants were vitamin D sufficient. Future studies should be constructed to as­

sess prevalence data in underrepresented subgroups including females, older persons, 

dark skinned individuals, intravenous drug users, and persons living with AIDS. Further­

more, the determinants of vitamin D status in this cohort are not clear. Future research 

could address questions about the the nature of vitamin D input in a Canadian HIV-posit­

ive population. In particular, in the Canadian HIV Vascular Study development of hypo­

theses towards prospective investigation would be enhanced be determining correlates of 

vitamin D status. 

Second, the study found evidence of an inverse-U shape relationship between 

25(0H)D and carotid IMT that may peak approximate to upper and lower interval of in­

sufficiency and sufficiency status, respectively. This finding may be somewhat unique to 

a Canadian HIV-positive cohort. Alternatively, it may represent a novel finding generaliz­

able to an HIV-positive population, or beyond. In either of these two latter scenarios the 

most important finding may regard assumptions of linearity . The validity of findings de­

rived from analytical methods such as linear and logistic regression analysis are to acer­

tain extent based on assumptions of linearity. A strength of the present study was the use 

of restricted cubic spline regressions that provided a provision for detecting an associa-
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tion that may be too non-linear to have been meaningfully summarized by a linear rela­

tionship. If not for these spline analyses the potential association would otherwise have 

been overlooked. Future investigations into the relationship between vitamin D status and 

vascular disease should consider the problem of non-linearity as a feature of primary 

analyses. 

Third, emphasis should be placed on investigation of a possible positive associa­

tion between 25(0H)D3 and carotid IMT in participants characterized as having subop­

timal vitamin 0 3 status . This is the second reporting of a positive association between 

25(0H)D concentration and vascular disease in otherwise vitamin D insufficient popula­

tions. These cross-sectional-based findings would eventually need to be confirmed by 

prospective investigation, however, at this preliminary stage an efficient cross-sectional 

investigation may be the most appropriate means of confirming these results in another 

population. 

Fourth, it is unclear to what extent certain features particularly relevant to an 

HIV-positive population might alter vitamin D metabolism or perhaps even the clinical 

utility of applying common 25(0H)D status categories in this context. The present study 

highlights possible interactions (all-informal) between vitamin D and CD4 nadir, ART­

type, and lipid lowering therapy use . Future research should evaluate the possibility that 

medications commonly used in the management of HIV infection might alter vitamin D 

metabolism, or conversely that vitamin D status might modify the effect of these drugs. In 

138 



MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

particular, future investigations in this regard should be well powered to detect 25(0H)O 

differences across drug exposure categories. Ideally these studies would include bio­

markers relevant to vitamin 0 physiology including PTH, l ,25(0H)20, and ionized 

calcium. 

Fifth, analyses of these biomarkers may provide some insight into the validity of 

evidence regarding unexpected vascular effects in this study. In particular, potential vas­

cular effects of secondary hyperparathyroidism could be explored in the context of the ex­

pected inverse PTH-25(0H)O relationship . Exploration of the 25(0H)O threshold, below 

which hyperparathyroidism occurs, may inform comparability between this HIV-positive 

population and previously studied cohorts, and may provide a reference point upon which 

to interpret the clinical relevance of potentially unique study findings . 

4.4. Summary of the thesis 

In this thesis I presented background evidence suggesting that while suboptimal 

vitamin 0 status is highly prevalent across a diverse range of HIV-positive populations, 

there is no strong basis for proposing that 25(0H)O levels differ by HIV status. Preval­

ence results of the current study were unexpected: the prevalence of vitamin 0 3 defi­

ciency was notably low whereas the majority of participants were vitamin 0 3 sufficient. 

As in earlier investigations, current findings suggest that HIV-positive individuals may be 

at increased risk of altered vitamin 0 metabolism: I presented evidence suggesting that 

PI-exposure and lipid lowering medication use are associated with higher vitamin 0 3 
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status (the upper 25(0H)D3 quartile). The main finding of this thesis relates to the some­

what conflicting evidence regarding the relationship between vitamin D status and CVD. 

In primary analyses, as in some earlier studies that have assessed the relationship between 

25(0H)D3 and carotid IMT, plasma 25(0H)D3 by quartile was not associated with carot­

id IMT extent. However, in restricted cubic spline regression analyses-these were utilized 

to accommodate assumptions of non-linearity-there was evidence of an inverted U­

shaped 25(0H)Drcarotid IMT relationship. Furthermore, in exploratory regression mod­

els restricted to participants comprising the suboptimal range of vitamin D status, lower 

25(0H)D3 concentration was statistically significantly associated with higher carotid IMT 

after adjustment for known CVD risk factors and other variables hypothesized to poten­

tially confound a 25(0H)Drcarotid IMT association. While inference from these ex­

ploratory findings requires cautious interpretation, future investigations into the 

relationship between vitamin D status and vascular disease should consider the problem 

of non-linearity as a feature of primary analyses; otherwise, such studies might fail to de­

tect a true association. 
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Appendix A 

Medline search strategy for studies relevant to CVD, vitamin D, and HIV-in-

fection. This was initially applied to OVID Medline (R), 1956 to April 2009 . The strategy 

was later adapted to EMBASE 1988 to 2009 Week 17 (April) . 

I . exp Vitamin D Deficiency/ 
2. exp Vitamin DI 
3. vitamin d.mp. 
4 . 7-dehydrocholesterol.mp. 
5. exp Receptors, Calcitriol/ 
6. calcitriol.mp. 
7. exp Cholecalciferol/ 
8. 25-Hydroxyvitamin D3 1-alpha-Hydroxylase/ 
9. 25-hydroxycholecalciferol.mp. 
I 0 . 6 or 3 or 7 or 9 or 2 or 8 or I or 4 or 5 
11. exp HIV/ 
12. HIV Infections/ 
13. exp Anti-HIV Agents/ 
14. 11 or 13 or 12 
15 . 10 and 14 
16. exp Cardiovascular Diseases/ 
17. carotid IMT.mp. 
18. carotid intima medial thickness .mp. 
19. intima-media thickness .mp . 
20 . exp Arteriosclerosis/ 
2 I. 18 or 19 or 16 or I 7 
22 . 18 or 19 or 17 or 20 
23 . 21 and JO and 14 
24 . hiv.mp. [mp=title, original title , abstract , name of substance word, subject heading 

word] 
25 . 11 or 24 or 13 or 12 
26 . 25 and 10 
27. 21 and JO 
28. 22 and JO 
29. from 28 keep 1-10 
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30. from 29 keep 1-10 
31. 6 or I or 3 or 7 or 9 or 2 
32 . 16 and 31 
33 . limit 32 to (humans and english) 
34. from 33 keep 2-3,5,9-10, 15,25,31 ,35,40,56,59-61,70-72,83 ,87,95,97 
35 . from 33 keep 102,l l l,115,117,122,126-128,131,138,146,150,l85,l94,l96-l97 
36. from 33 keep 317,321,323 ,328,358,376-378,384-386,393 ,397 
37. from 33 keep 406,412,415,417-418,444,446,461,463,471,474,479,481,486-488 ,495 
38 . from 33 keep 506,509,515,527,535,548-549,584,588 
39. from 33 keep 604,622,624,630,634,648,654-656,673,676,691-692,696,698 
40. from 33 keep 734,739,760,771,780,796 
41. from 33 keep 809,811,813 ,898 
42 . from 33 keep 941,977,981 ,989 
43 . from 33 keep I 063 
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Appendix B 

Medline search strategy for studies relevant to CVD and vitamin D without 

specification of HIV-infection. The initial search utilized OVID Medline (R), 1956 to 

March 2009. 

I. exp Vitamin D Deficiency/ 
2. exp Vitamin D/ 
3. vitamin d.mp . 
4. 7-dehydrocholesterol.mp. 
5. exp Receptors , Calcitriol/ 
6. calcitriol.mp. 
7. exp Cholecalciferol/ 
8. 25-Hydroxyvitamin D3 1-alpha-Hydroxylase/ 
9. 25-hydroxycholecalciferol.mp. 
l 0. 6 or 3 or 7 or 9 or 2 or 8 or l or 4 or 5 
11. exp HIV/ 
12. HIV Infections/ 
13 . exp Anti-HIV Agents/ 
14. 11 or 13 or 12 
15. 10 and 14 
16. exp Cardiovascular Diseases/ 
17. carotid !MT.mp. 
18. carotid intima medial thickness.mp. 
19. intima-media thickness.mp . 
20. exp Arteriosclerosis/ 
21. 18 or 19 or 16 or I 7 
22 . 18 or 19 or 17 or 20 
23 . 21and10 and 14 
24. hiv.mp . [mp=title, original title, abstract , name of substance word, subject heading 
wo~] . 

25 . 11 or24or13or12 
26. 25 and 10 
27 . 21 and l 0 
28 . 22 and 10 
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29. from 28 keep 1-10 
30. from 29 keep 1-10 
3 1 . 6 or 1 or 3 or 7 or 9 or 2 
32.16and31 
33. limit 32 to (humans and english) 
34. from 33 keep 2-3,5,9-10, 15,25,31,35,40,56,59-61,70-72,83,87,95,97 
35. from 33 keep 102,l l l,115,117,122,126-128,131,138,146,150,185,194,196-197 
36. from 33 keep 317,321,323,328,358,376-378,384-386,393,397 
37. from 33 keep 406,412,415,417-418,444,446,461,463,471,474,479,481,486-488,495 
38. from 33 keep 506,509,515,527,535,548-549,584,588 
39. from 33 keep 604,622,624,630,634,648,654-656,673,676,691-692,696,698 
40. from 33 keep 734,739,760,771,780,796 
41. from 33 keep 809,811,813,898 
42. from 33 keep 941,977,981,989 
43. from 33 keep 1063 
44. from 33 keep 
201-203,210,214,219,225-226,231,233-234,236,242-243,245,24 7 ,254,258-259,263,271-2 
72,286-287 ,290,296,299-300 
45. 35 or 39 or 40 or 36 or 41 or 38 or 42 or 34 or 37 or 43 or 44 
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Appendix C 

The Canadian HIV Vascular Study: 
Baseline Nursing Questionnaire 

Si1e# Patient ID Initials Year/Month/Day 

DD DOD DD DDDDODOD 
The following questions collect information related to your vitamin D status. 

1. \Mlich ONE of the following best describes your SKIN COLOUR? 

O Very fair (my skin burns easily, does not tan) 

0 Fair (my skin burns easily but I can develop a slight tan) 

0 Light (my skin is light during the winter but I can tan easily in the summer) 

O Medium (e.g. always at least somewhat brown or olive . rarely burns) 

0 Dark to black 

2. \Mlat types of SUPPLEMENTS do you take each day? (circle all that apply) 

Calcium WITH vitamin D 
Multivitamin Calcium Without vitamin D Cod LIVER oil 

Vitamin D alone None 

3. On average, how many glasses of MILK do you drink each DAY? 
Cow's _/day 

Rice/Soy __ /day 

4. On average, how many servings of SALMON or TUNA do you eat 
each WEEK 

/week 

The following questions relate to seasonal changes in vitamin D status 

5. During the COLDER MONTHS of the year (NOVEMBER through APRIL) do you : 

a) Supplement with extra vitamin Q? 0 Yes 

b) Use a TANNING BED or SUNLAMP? 0 Yes 

c) TRAVEL to a WARM SOUTHERN CLIMATE most years? 0 Yes 

d) If yes to (c) . do you develop a SUNTAN on your arms or 
legs? 0 Yes 

6. During the WARMER MONTHS of the year (MAY through OCTOBER): 

0 No 

0 No 

0 No 

0 No 

a) How many days per week are you 
outside for at least 30 minutes 
(BETWEEN 9 AM TO SPM)? days/week 

b) Do you regularly use sunscreen 

c) \Mlen outside are your limbs (arms 
and legs) usually covered? 

0 Yes 

0 Yes 

0 No 

0 Partial 0 No 

The following questions relate to your ability to absorb dietary vitamin D 

7. During a TYPICAL week . do you experience diarrhea or very loose 
stools? And if yes . how many days does this typically occur? 
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0 Yes 0 No 

__ days/week 



MSc Thesis - H. Huff McMaster - Department of Clinical Epidemiology and Biostatistics 

Appendix D 

Figure A. Power analysis 

t tests - Means : Difference from constant (one sample case) 
Tail(s) =Two. Total sample size= 286. a err prob= 0.05 
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The power analysis graph was created using G*Power 3.0.10 
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a err prob 

---e--- = 0.05 
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