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ABSTRACT

Vitamin D deficiency (<50nmol/L 25-hydroxy vitamin D) affects more than 1 billion
people worldwide. Furthermore, cardiovascular disease (CVD) is a common cause of mortality
globally. Observational studies have shown that vitamin D deficiency and CVD are associated,
specifically in the chronic kidney disease (CKD) population whom are burdened with both
increased risk of CVD-related death and vitamin D deficiency, though whether this relationship
is causal in nature is not clear. Electrocardiogram recordings are used to quantify sympathetic
and parasympathetic (vagal) control over the heart (cardiac autonomic tone, CAT), which has
been shown to predict CVD-related outcomes. A series of studies was conducted across a range
of populations with varying kidney function to assess the impact of vitamin D deficiency and
supplementation on CAT. In healthy humans undergoing an angiotensin II (AngII) vascular
stress test prior to vitamin D supplementation, subjects with low 1,25(OH)2 vitamin D
experienced withdrawal of cardioprotective vagal tone and an upwards shift in overall
cardiosympathovagal activity [(∆HF from baseline = -6.98±3, p=0.05; ∆LF:HF from baseline =
0.34±0.1, p=0.043 vs. above 25th percentile]. Following 4 weeks of oral vitamin D3
supplementation, vagal activity during the same AngII stressor was restored (∆HF from baseline
9.5±5 vs. -2.8±3, p=0.07 vs. pre-supplementation). The same study with vitamin D deficient IgA
nephropathy (IgAN) subjects yielded similar results. The VITAH Trial then aimed to assess
whether a causal relationship existed between activated vitamin D supplementation and CAT in
end-stage kidney disease (ESKD) patients requiring hemodialysis. In contrast to healthy and
IgAN subjects, six weeks of oral 1,25(OH )2 D supplementation (0.25mcg alfacalcidol 3x per
week) or combined activated and nutritional supplementation (additional 50,000IU ergocalciferol
1x per week) enhanced cardiosympathovagal balance during hemodialysis in vitamin D deficient
subjects (activated: n=13, ∆LF:HF: 0.20 ± 0.06, p<0.001 vs. ∆LF:HF in non-deficient;
combined: n=8, deficient: ∆LF:HF: 0.15 ± 0.06, p<0.001 vs. ∆LF:HF in non-deficient). These
novel findings indicate that vitamin D deficiency impairs the regulatory capabilities of the
autonomic nervous system during vascular stress, and that vitamin D supplementation may
mitigate the risk of CVD-related mortality in humans specifically in the setting of advanced
CKD.
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CHAPTER 1: INTRODUCTION
1. Vitamin D
1.1 Vitamin D
Vitamin D encompasses a group of fat-soluble prohormones which can be manufactured
through the skin via sunlight exposure and through intestinal absorption of food and supplements
(1). Both methods of obtaining vitamin D contribute to the overall maintenance of vitamin D
metabolism, however exposure to sunlight provides the most abundant synthesis in humans. Skin
exposed to solar ultraviolet-B (UVB, 290-320 nm) rays stimulate conversion of 7dehydrocholesterol into a previtamin D precursor (vitamin D3) which is then released into the
bloodstream (1, 2). Nutritional animal and fungal sources of vitamin D are absorbed in the gut
(vitamin D3 and vitamin D2, respectively) and the circulating vitamin D precursors then undergo
two enzymatic hydroxylation processes within the vitamin D metabolic pathway: a) in the liver
to 25-hydroxyvitamin D (25(OH)D); and b) in the kidney, the enzyme 1α-hydroxylase converts
25(OH)D to the biologically active form, 1,25-dihydroxy vitamin D (1,25(OH)D), or calcitriol
(1).
1.1.1 Vitamin D metabolism
Vitamin D is known to tightly regulate the release and maintenance of calcium stores and
serum calcium concentration (1-3). It does so by stimulating the intestinal absorption of calcium
and releasing calcium from the skeletal tissue by regulating osteoclast differentiation and bone
turnover (4). The parathyroid gland also plays a major role in vitamin D metabolism; when low
serum levels of calcium are detected by the parathyroid, parathyroid hormone (PTH) is released
which increases the production of 1,25(OH)D and stimulates calcium release from bone (Figure
1.1). Under normal conditions, vitamin D is able to maintain serum calcium and control
excessive stimulation of the parathyroid, however in a state of vitamin D deficiency this axis is
poorly regulated (5).
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Figure 1.1 Vitamin D metabolism

Holick MF. Clin Invest. 2006;116(8):2062-2072. doi:10.1172/JCI29449 (open access)
Calcitriol has a much greater affinity for the vitamin D receptor throughout the body
compared to 25(OH)D metabolites (2, 3). Multiple natural types of vitamin D and synthetic
analogues exist, the most common of which are described in Table 1.1. Nutritional forms of
vitamin D are classically utilized in supplements to increase circulating levels of 25(OH)D, while
calcitriol and its analogues are capable of targeting organ-specific vitamin D metabolic activity
within the parathyroid gland (6).
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Table 1.1 Characteristics of vitamin D compounds and analogues
Name

Chemical Formula

Originating Vitamin D
Source

Natural or Analogue

Ergocalciferol

25(OH)D2

D2

Nutritional

Cholecalciferol

25(OH)D3

D3

Nutritional

Calcitriol

1,25(OH)2D2

D2

Nutritional

Doxercalciferol

1α(OH)D2

D2

Analogue

Alfacalcidol

1α(OH)D3

D3

Analogue

Paricalcitol

19-nor1,25(OH)2D2

D2

Analogue

Importantly, aside from its traditional role, vitamin D has been shown to elicit additional
non-genomic actions at the non-transcriptional level throughout the body (7). Interestingly,
1,25(OH)D has been noted as having a key role in certain molecular mechanisms in the nervous
system, such as biosynthesis of neurotransmitters (8, 9).
1.1.2 Vitamin D: Vitamin D deficiency
The definition of vitamin D deficiency is often debated. The Endocrine Society’s
Evaluation, Treatment, and Prevention of Vitamin D Deficiency Clinical Practice Guideline
defines vitamin D deficiency as <50nmol/L (<20ng/mL) 25(OH)D (10) while the Institute of
Medicine’s 2010 Guidelines for Vitamin D and Calcium consider lower serum 25(OH)D
concentrations of approximately 40-50nmol/L to be adequate (11). Both guidelines aim to
establish general understanding of nutritional adequacy for the general public and patient
populations, however an optimal vitamin D 25(OH)D level or vitamin D intake has yet to be
agreed upon by any participating institution. For the purpose of this thesis and all work presented
within it, the Endocrine Society’s definition of vitamin D deficiency as being less than 50nmol/L
(or ~20ng/mL) of 25(OH)D is utilized (Table 1.2).
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Table 1.2 Vitamin D status definitions
25(OH)D Concentration
<50nmol/L (<20ng/mL)

Status
Deficient

50-75nmol/L (20-30ng/mL)

Insufficient

>75nmol/L (>30ng/mL)

Sufficient

Vitamin D deficiency is prevalent worldwide, and is most common in geographical areas
situated north of the 35th parallel. In fact, a cross-sectional study of healthy subjects residing in
Calgary, Alberta, Canada found that 68% of participants had serum concentrations <80nmol/L
25(OH)D even during the summer months (12). In general, vitamin D deficiency is associated
with disruption of a number of subsequent processes that can contribute to increased CVD risk,
including disrupted mineral metabolism (1, 2, 5) and increased activity of the renin angiotensin
system (RAS) (13).
1.1.3 Vitamin D: Vitamin D Deficiency in the setting of chronic kidney disease
As kidney function declines so does the functional capacity of the renal tissue to regulate
the production of active vitamin D metabolites (Figure 1.2) (14). Thus, unsurprisingly the
prevalence of moderate to severe vitamin D deficiency in CKD is very high (15). As vitamin D
deficiency develops, the capacity of any remaining available 1,25(OH)D to regulate serum
calcium levels is diminished. Serum calcium levels drop, which then signals the parathyroid
hormone to secrete PTH (1, 2, 5). Subsequently, this promotes osteoclast differentiation and a
high rate of bone turnover, ultimately resulting in a release of calcium and phosphate stores into
the blood stream (4). Damaged kidneys are then unable to process and clear these excess ions
and they accumulate in the vascular circulation (1, 2, 5). Due to the chronic nature of kidney
disease, a vast majority of CKD patients suffer from secondary hyperparathyroidism and bone
mineral disorder which results from the consistent lack of control over vitamin D (6).
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Figure 1.2 Vitamin D deficiency and declining kidney function

KDIGO Clinical Practice Guideline for the Evaluation and Management of CKD. Kidney
International. 2013; 3(1). Available at http://www.kdigo.org/clinical_practice_guidelines
/pdf/CKD/KDIGO_2012_CKD_GL.pdf
CKD patients are often prescribed an activated form of vitamin D, such as calcitriol or
alfacalcidol, in order to control PTH levels and correct vitamin D deficiency (14), however
clinical nephrology practice and opinion varies widely from centre to centre. In fact, while the
Kidney Disease Improving Global Outcomes (KDIGO) 2012 Clinical Practice Guideline for the
Evaluation and Management of CKD aligns with the Endocrine Society’s definition of vitamin D
deficiency, the document also suggests not routinely prescribing vitamin D supplements in the
absence of suspected or documented deficiency to suppress PTH, simply due to the lack of
adequate data available pertaining to the appropriate dose, formulation, route of administration,
frequency, and appropriate target range in this population (14). Few studies have sought to
demonstrate a significant difference in quality or survival between different types of vitamin D
supplements, and therefore a superior therapy has not been identified.
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1.2 Chronic Kidney Disease
1.2.1 Chronic Kidney Disease: Pathophysiology
CKD is a chronic irreversible disease in which the functional unit of the kidney, the
nephron, loses its capacity to adequately filter ions and other components in the serum. The
universal classification system for CKD is based on measurement of the kidney’s capacity to
filter the blood, known as the estimated glomerular filtration rate (eGFR), and/or excessive
albumin spillover in the urine (proteinuria) for greater than 3 consecutive months. CKD ranges
from stage 1 (mild disease) to stage 5D (end-stage requiring renal replacement therapy) (16). A
number of inflammatory and fibrotic processes have been attributed as the underlying cause of
CKD, however there are no known cures to combat the onset or permanently reverse or halt the
progression of CKD (16).
Patients with CKD have upregulated activation of the RAS (17). The RAS is a hormonal
axis housed largely within the kidney which coordinates the release of angiotensin II (AngII) into
the local renal and systemic circulation to increase vasoconstriction and blood pressure (17).
Serum measurements of RAS components, including AngII as well as renin and aldosterone, are
often significantly higher in those with CKD, which is subsequently coupled with the presence of
increased blood pressure and hypertension (17). Under the regulation of RAS-inhibiting
medications such as angiotensin converting enzyme inhibitors (ACE-i) and beta-blockers, blood
pressure control can often be clinically managed. Sensitivity of the RAS and the resulting
vasopressor response can be assessed in humans with a simple AngII challenge in which graded
doses of exogenous AngII are infused into the circulation over an acute period of time (18). A
minimal or blunted blood pressure response to the graded AngII challenge is suggestive of
greater baseline RAS activity and a more stressed vascular system compared to a healthy,
sensitive response to AngII (18). This test challenges the cardiovascular system and acutely
mimics a vascular environment similar to that of an individual with CKD and subsequently
upregulated RAS, such as is described and utilized in the methods of manuscripts presented in
Chapters 4, 5, and 6.
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1.2.2 Chronic Kidney Disease: Prevalence
CKD is very prevalent in North America. In 2013, it was estimated that the prevalence
had reached approximately 1 in 10 in the United States (16), and 12.5% in the Canadian
population (19). The prevalence of CKD has since continued to steadily rise as the proportion of
elderly citizens and prevalence of obesity and diabetes also increase (19).
1.2.3 Chronic Kidney Disease: Risk of cardiovascular disease and mortality
Patients with CKD carry an overwhelming burden of mortality, largely attributed to
CVD. Compared to the general population, CKD patients are 10-100 times greater risk of
mortality (20). Furthermore, as kidney function declines, rates of CVD and CVD-related
mortality events proportionately increase (Figure 1.3) (21). Approximately 25% of all deaths that
occur in the end-stage kidney disease (ESKD) population are CVD-related, with one quarter of
those caused by sudden arrhythmic cardiac death (SCD) (20). Many comorbidities and
symptoms associated with CKD are thought to contribute to the overwhelming burden of CVD
and CVD-related mortality in this population, including but not limited to volume overload,
hypertension, uremia, hyperparathyroidism, disrupted vitamin D and mineral metabolism, and
electrophysiological changes such as increased sympathetic nerve activation coupled with
parasympathetic (vagal) withdrawal (22). Overall, the mechanism which increases the risk of
SCD in CKD is multifactorial, consisting of underlying instabilities and vulnerabilities which
predispose the cardiovascular system to fatal arrhythmic abnormalities, however the magnitude
of importance associated with vitamin D and mineral metabolism in this sense is not clear.
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Figure 1.3 Standardized rates of cardiovascular events with declining kidney function

Go AS, Chertow GM, Fan D, McCulloch CE, Hsu C. Chronic Kidney Disease and the Risks of
Death, Cardiovascular Events, and Hospitalization. NEJM. 2004; 351: 1296-305. Reproduced
with permission from NEJM, Copyright Massachusetts Medical Society.
1.3 The Autonomic Nervous System
1.3.1 The Autonomic Nervous System: Physiology
The autonomic nervous system (ANS) is a branch of the peripheral nervous system,
which utilizes neurotransmitters to transfer signals from the central nervous system to the target
organs. The ANS is comprised of two limbs, the stimulatory sympathetic limb and the inhibitory
parasympathetic (vagal) limb (23, 24). The pre-ganglionic nerves of the ANS originate in the
cervical spinal cord and dorsal motor nucleus of the medulla within the brainstem (24). The
cardiac ANS is made of up the post-ganglionic sympathetic plexus of nerves and the Vagus
nerve, both of which innervate the heart at the sino-atrial node and atrio-ventricular node to
control heart rate. The sympathetic plexus of nerves utilize epinephrine and norepinephrine
neurotransmitters to relay signals which increase heart rate and cardiac work, whereas the
parasympathetic Vagus nerve releases inhibitory acetylcholine which decreases heart rate during
controlled respiration, states of sleep and relaxation, and as the feedback mechanism of the
baroreflex response (24). Under normal conditions, the sympathetic and vagal signals act
concomitantly to dynamically adjust heart rate.
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1.3.2 The Autonomic Nervous System: Factors that influence activity of the autonomic nervous
system
The cardiac ANS is responsive to internal and external stimuli which demand acute
compensatory changes in heart rate and contractility, including increasing or decreasing blood
pressure, rate of respiration, exercise, sleep, and stress (24). Additional demographic parameters,
including age (25), body mass index (BMI) (26), and sex (26, 27), also affect long-term cardiac
ANS balance and effectiveness. In general, stress, increasing age, increasing BMI, and male sex
are associated with dominant sympathetic cardiac ANS activity, whereas controlled respiration,
sleep, and female sex (in pre-menopausal women) (25-27), are associated with greater
contribution from the vagal limb (25-27). We have previously shown that premenopausal women
demonstrate a significant and cardioprotective vagal reaction to an AngII-mediated vasopressor
response, compared to men whose cardiac ANS activity is dominated by sympathetic activity
even in the setting of vascular stress (27). The increased vagal contribution typically observed in
females translates to an overall reduction in measures of total cardiosympathovagal balance
(LF:HF), the ratio of sympathetic to vagal input on the heart, compared to men (Figure 1.4) (27).
1.3.3 The Autonomic Nervous System: Measurement and Clinical Utility
Quantification of cardiac ANS activity is derived from measures of variability (in
milliseconds) between each successive normal R wave on a typical ECG recording. CAT can
then be calculated by power spectral analysis of this data, creating parameters that fall within the
frequency domain and depict cardiac sympathetic and vagal contributions (28). During power
spectral analysis, the ECG signal is transformed by fast Fournier transformation which
manipulates the beat to beat RR intervals into a sine wave function. The frequency domain
parameters are then categorized in terms of oscillating frequency, such that low-frequency (LF)
components (0.04-0.15Hz) and high-frequency (HF) components (0.15-0.40 Hz) are thought to
represent, to some degree, the contributions of the stimulatory sympathetic signaling and the
cardioprotective vagal activity, respectively. The ratio of LF:HF is regarded as an index of total
cardiosympathovagal balance (28).
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Figure 1.4 Effect of gender on cardiosympathovagal balance in response to an AngII
stressor

Mann MC, Exner DV, Hemmelgarn BR, Turin TC, Sola DY, Ahmed SB. Impact of gender
of the cardiac autonomic response to angiotensin II in healthy humans. J Appl Physiol. 2012;
112:1001-1007. Doi:10.1152/japplphysiol.01207.2011 (Open access)

Time domain analysis includes various derivatives of the standard deviation between
each successive R wave interval in an ECG recording. The standard deviation of the normal to
normal wave (SDNN) quantifies the amount of change in heart rate from one depolarization
cycle to the next. The standard deviation of the average time between normal waves (SDANN) is
calculated from averaging the standard deviation of multiple 5 minute sections of ECG recording
(28). Vagal contribution can be inferred from calculating the percentage of times in a normal
ECG recording that there is a lag > 50 ms longer than the last successive normal wave in the next
pair of waves (pNN50%), indicating a significant reduction in heart rate (Table 1.3) (28).
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Ideally, frequency and time domains are calculated by a technical computer program
algorithm following a full 24-hour ambulatory Holter ECG recording (28). However, in some
clinical circumstances this extended time period of data collection may not be feasible. As this is
a common situation that arises within many clinical and research settings, a number of
investigators have sought out to validate the predictive ability of short-term measurements for
adverse cardiovascular events in healthy and high-risk populations (29, 30, 31). Based on the
validity of shorter-term HRV measurements, as short as 5 minutes in duration (29), the ongoing
projects discussed herein, which include both 180-minute and longer term 12- 24 hr ECG
recordings, allow for accurate CAT measurement and interpretation.
The clinical value of diminished CAT as a risk factor for an adverse cardiovascular event,
such as SCD or congestive heart failure, is well established (31 – 36). More specifically,
suppression of overall CAT in ESKD compared to healthy humans has been shown to be
prevalent and predictive of CVD and SCD risk in this population (32 – 35).
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Table 1.3. Measures of cardiac autonomic tone
Name (Acronym)
Total power (TP)
Very-low frequency
Low frequency (LF)

Domain

Representation

Frequency

Total spectrum of frequency measures

(0.0033-0.40 Hz)

captured in individual recording

Frequency

Controversial: renin-angiotensin system or

(0.003 – 0.04 Hz)

thermoregulation

Frequency

Cardiac sympathetic nervous activity

(0.04-0.15 Hz)

(sympathetic plexus), also thought to be
influenced partially by the baroreflex response

High frequency (HF)
Low/high frequency Ratio

Frequency

Cardiac parasympathetic vagal nervous

(0.15-0.40 Hz)

activity (Vagus nerve)

Frequency (Hz)

Balance/interplay between sympathetic and

(LF:HF)

parasympathetic limbs of the autonomic
nervous system

Standard deviation of the

Time (ms)

normal wave (SDNN)

Variation (in units of standard deviation)
between each successive heart beat in an ECG
recording

Standard deviation of the

Time (ms)

Variation (in units of standard deviation)

average normal wave

between the average of the difference of

(SDANN)

successive heart beats in multiple 5 minute
durations of an entire ECG recording

Percentage of normal waves Time (percentage) Percentage of normal waves that differ from
50ms different (pNN50%)

the wave directly before it by > 50 ms; driven
by vagal contribution
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1.3.4 The Autonomic Nervous System: Cardiac autonomic tone in the setting of chronic kidney
disease
As aforementioned, it is well documented that cardiac ANS activity is altered by disease
states that disturb normal vascular and cardiovascular physiology. Chan et al. have previously
described the prevalence of ANS dysfunction in the CKD patient population, stating that 58% of
all CKD patients exhibit some degree of ANS dysfunction and 40% of all patients with CKD
exhibit isolated and extreme vagal withdrawal (33). Cardiac ANS control in patients with ESKD
requiring dialysis has also been studied. Tong et al. observed significant and common trends in
CAT during and after a hemodialysis session (37), in which the vascular stress of fluid volume
removal and ion exchange induced sympathetic alterations in cardiac ANS during dialysis (22,
37). Ultimately, compared to a healthy population, patients with CKD and ESKD demonstrate
extreme suppression of cardiac ANS activity which reflects the high rate of CVD-related
mortality and SCD (36). Individuals with CKD are extremely vulnerable to arrhythmic
abnormalities, despite treatment of traditional cardiovascular risk factors (22), underscoring the
importance of determining additional physiological factors that may ameliorate the undesirable
changes in CAT which accompany the progressive renal disease process.
1.4 Current state of the science
CKD is prevalent in Canada and North America (16, 19), and is burdened by an
overwhelming rate of CVD-related risk, specifically an increased risk of SCD (20). Vitamin D
status and the risk of SCD are strongly associated in the CKD population (38), and it has been
shown that treatment of vitamin D deficiency with activated vitamin D supplementation reduces
all-cause and cardiovascular mortality (39). Suppression of activity of the cardiac ANS is
predictive of cardiovascular risk and is extremely common in CKD, specifically in ESKD (34,
36). Mammalian studies have demonstrated a link between vitamin D concentrations and betaadrenergic signaling (40), which is directly involved with functionality of the cardiac ANS, as
well as vitamin D-dependent non-genomic effects such as intracellular signaling pathways and
neurotransmitter biosynthesis, which implicate a direct role for vitamin D within the nervous
system (2, 8, 9, 41). Data from our laboratory has demonstrated that repletion of vitamin D
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serum levels via oral supplementation is associated with enhanced CAT during a vascular
stressor (42, 43), however the nature of the relationship has never before been assessed in a
randomized controlled trial. The VITAH Trial (44) is the first trial designed to clarify this
relationship and determine the therapeutic potential of vitamin D in augmenting markers of SCD
risk in the ESKD patient population.

1.5 Objectives
The overarching objective of the full course of the work presented herein was to assess
the impact of vitamin D deficiency and supplementation on cardiovascular risk through its
potentially direct influence on the regulatory function of the cardiac ANS. We aimed to assess
this relationship in a number of patient populations which represented a spectrum of kidney
function, ranging from healthy individuals with no kidney dysfunction to high-risk patients with
ESKD requiring hemodialysis.
1.6 Thesis Outline
This manuscript-based thesis is composed of 7 manuscripts. Chapter 2 provides a brief
review of the current basic and clinical evidence that suggests vitamin D metabolism, regulation
of the ANS, and cardiovascular risk are intimately linked and that this relationship warrants
further study. This manuscript highlights the CKD population as the ideal patient population to
consider these links given the extremely high prevalence of vitamin D deficiency, ANS
dysfunction, and CVD-related deaths and SCD observed in CKD. Consideration of the cardiac
ANS as a main conduit that could channel the implications of vitamin D deficiency to increase
cardiovascular risk has been largely overlooked.
The manuscript presented in Chapter 3 highlights the current equipoise surrounding
vitamin D supplementation and its impacts on patient-level outcomes, including CVD-related
death. This chapter highlights the lack of understanding and absence of adequate clinical trials
that aim to assess the causal implications that vitamin D deficiency and supplementation may
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have on the control of the cardiovascular system and CVD risk. Chapter 4, 5, and 6 then aim to
quantify this effect across a spectrum of patient populations ranging from healthy to moderate
CKD (IgA nephropathy). These manuscripts form a body of hypothesis-generating findings
which suggest vitamin D deficiency and supplementation potentially do have the capacity to alter
CVD and CVD-related mortality risk by modulating regulatory control of the cardiac ANS.
Together, these conclusions provide a broad foundation to support the need for a clinical trial in
order to determine whether these associations are causal in nature. Chapter 7 presents the
VITAH Trial protocol, which describes the in-depth methods and study design of the blinded,
randomized controlled cross-over trial carried out to measure the forthright influence of two
different vitamin D treatments on CAT in ESKD patients requiring dialysis. Finally, the results
and findings from the VITAH Trial are presented in Chapter 8. While the previous chapters
provide a body of evidence to support the association between vitamin D and CAT, this trial
provides new, novel insights on the relationship that exists between vitamin D deficiency and
suppression of the cardiac ANS as a surrogate marker of risk in ESKD. The thesis concludes
with a summary of the findings presented, clinical implications, and recommendations for future
research in this area.
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CHAPTER 2: VITAMIN D, THE AUTONOMIC NERVOUS SYSTEM, AND
CARDIOVASCULAR RISK
Mann MC, Hollenberg MD, Hanley DA, Ahmed SB. Vitamin D, the Autonomic Nervous System,
and Cardiovascular Risk. Physiological Reports. 2015; 3(4): e12349. doi: 10.14814/phy2.12349
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Abstract
Cardiovascular disease (CVD) is the leading cause of death globally. Further, vitamin D
deficiency affects approximately 1 billion people worldwide. The potential role of vitamin D
deficiency in CVD-related death in both healthy and diseased populations has recently become
an independent area of focus. Herein, we draw specific attention to the relationship between
vitamin D status and regulatory activity of the autonomic nervous system (ANS) at the
cardiovascular level. This physiological interaction represents a potentially critical factor for the
development of CVD and CVD-related death in populations at high risk of vitamin D deficiency,
including patients with chronic kidney disease (CKD).

18

Cardiovascular disease (CVD) and vitamin D deficiency are extremely prevalent
worldwide (1, 46). The potential link between vitamin D deficiency and CVD-related death in
both healthy and diseased populations is a growing area of translational research. Historically,
the traditional role of vitamin D in maintaining calcium homeostasis and mineral metabolism has
been extensively studied (4). Vitamin D, via its classical genomic transcriptional activity, is
known to affect the physiological function of a number of target organs such as the heart, bone,
and kidneys (46). In addition, a number of non-genomic, rapid action roles of vitamin D are now
known to affect tissue function which fall outside the traditional role of regulating mineral
metabolism (2, 41, 47, 48). While calcium and phosphate have long been regarded as the major
players in the interactions observed between mineral metabolism dysfunction and CVD-related
deaths (49 – 51), these newer non-genomic roles outside of the traditional target organs suggest
that vitamin D itself may have intrinsic actions outside the realm of mineral metabolism (2, 41,
47, 48).
Vitamin D Metabolism
Vitamin D encompasses a group of fat-soluble prohormones which can be obtained by
the body through both the skin via sunlight exposure and through intestinal absorption of dietary
sources and supplements (1). Although each source contributes to the overall maintenance of
vitamin D levels, exposure to sunlight is the greatest resource for the synthesis of this
prohormone in humans. Skin exposed to solar ultraviolet B (UVB, 290-320 nm) rays is
stimulated to convert 7-dehydrocholesterol to the vitamin D precursor, previtamin D3 (1, 3).
Nutritional animal and fungal sources of vitamin D (cholecalciferol, vitamin D3; and
ergocalciferol, vitamin D2, respectively) undergo two enzymatic hydroxylations within the
vitamin D metabolic pathway: 1) in the liver to 25-hydroxyvitamin D; 2) in the kidney, and to a
much lesser degree in non-renal tissues), the enzyme 1α-hydroxylase converts 25-hydroxy
vitamin D to the biologically active form of vitamin D, 1,25-dihydroxy vitamin D (calcitriol) (1,
3).
Aside from these naturally occurring vitamin D metabolites, numerous other activated
vitamin D formulations have been synthesized and are commercially available.14 For example,
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alfacalcidiol (1α-hydroxyvitamin D3) is easily integrated into the regular vitamin D metabolic
pathway and is commonly substituted for calcitriol in clinical practice (52). Though
observational studies have reported differences in survival associated with various analogues of
calcitriol (53), no specific vitamin D supplement has been definitively proven to be superior in
decreasing risk of all-cause and CVD-related mortality. Classically, vitamin D is known to
tightly regulate the release and maintenance of calcium stores and extracellular fluid calcium ion
concentration. It does so by stimulating intestinal absorption of calcium and releasing calcium
from the skeletal tissue by regulating osteoclast differentiation and bone turnover (1, 46).
As the primary regulator of calcium, the parathyroid gland plays a major role in vitamin
D metabolism. If low circulating levels of calcium are detected by the Chief cells of the
parathyroid gland, parathyroid hormone (PTH) is released and stimulates the enzymatic
production of 1,25-dihydroxy vitamin D within the proximal tubule of the kidney, where the
highest concentration of 1-α hydroxylase exists within the body (1, 46). The spike in circulating
1,25-dihydroxy vitamin D causes a release of calcium and phosphate from the bone as well as an
increase in absorption of these minerals from the small intestine, which feed back to the
parathyroid until the Chief cells detect increased levels of serum calcium. Under normal
conditions, levels of vitamin D within the recommended target range (20 – 60ng/mL 25-hydroxy
vitamin D) will maintain normal serum calcium levels and the chemoreceptors on the Chief cells
will not be overly stimulated (3). However, in the presence of vitamin D deficiency (25-hydroxy
vitamin D <50nmol/L or <20ng/mL) (10), this physiological axis is disrupted.
Vitamin D Metabolism in Chronic Kidney Disease
In the setting of chronic kidney disease (CKD), as nephron mass declines so does the
functional capacity of the renal tissue to regulate the production of active vitamin D metabolites.
Quite often, disordered mineral metabolism develops (15) and the prevalence of severe vitamin
D deficiency is extremely high within the CKD population (1, 15). The co-existing prevalence
of vitamin D deficiency, reduced production of calcitriol, and CVD-related mortality in CKD
provides an excellent clinical setting to observe and study the potential physiological
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mechanisms behind the interaction between vitamin D metabolism and CVD-related mortality
that is observed in various patient populations globally (15, 38, 54 – 56).

Vitamin D and the Autonomic Nervous System
Aside from its traditional roles, vitamin D has also been shown to mediate a number of
additional non-genomic or “rapid” actions at the non-transcriptional level in a variety of tissues
(7). These effects involve transmembrane receptors and associated secondary messenger systems
(G-proteins) (57) that activate intracellular pathways and cascades specific to transmission of
action potential and muscular contractions, including calcium regulation via ligand-gated (IP3)
calcium channels and intracellular vesicular calcium stores (58, 59). Interestingly, activated 1,25dihyroxy vitamin D has been shown to coordinate additional molecular mechanisms, including
inflammatory signaling and biosynthesis of neurotransmitters, in areas of the central nervous
system which regulate cardiovascular activity (8, 9) . A study by Santillan et al. also
demonstrated that β-adrenergic signal transduction in chick myocardial cells is enhanced when
the cells are placed in a 1,25-dihydroxyvitamin D3 bath, (40) suggesting that basic function of the
cardiovascular system may rely in part on vitamin D to facilitate arrhythmic signals not only
within the higher central nervous system but also at the level of the heart.
In mammals, the autonomic nervous system (ANS) is a subset of the peripheral nervous
system, a section of the central nervous system housed within the spinal cord and brain (60, 61).
The ANS controls involuntary processes throughout the body, including digestion, respiration,
and most relevant to this review, cardiovascular function. Two specific branches of the ANS
contribute to the maintenance of cardiovascular function; 1) the cardiac sympathetic plexus and
2) the vagal (parasympathetic) nerve. Both of these systems innervate the heart at the sino-atrial
node neuromuscular junction and work in concert with one another to release neurotransmitters
which increase or decrease, respectively, the strength and speed of the contractility of the heart
(60, 61). In general, changes in the duration of time between each heartbeat can be attributed to
shifts in balance between ANS stimulatory and inhibitory activity. This balance and contribution
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from either limb of the cardiac ANS can then be quantified with sophisticated computer software
(28).
The cardiac ANS in humans is influenced by sex (27), age (31, 62), physical activity (63),
as well as the presence of comorbidities including chronic kidney disease (33, 64, 65). However,
even in healthy populations cardiac ANS dysfunction has independently been shown to be a
predictor of sudden cardiac death (66, 67). Specifically, it has been shown in the CKD
population that an increase in sympathetic activity accompanied by a significant withdrawal of
cardioprotective vagal activity is indicative of significantly increased CVD risk, particularly the
risk of sudden arrhythmic cardiac death (33, 65). Interestingly, studies have shown that calcitriol
can permeate the blood brain barrier and bind to vitamin D receptors located within the central
nervous system (8, 9, 41). Specifically, the mid-brain and brainstem in which a number of the
neurons for the ANS are located have been shown to have an extremely high concentration of
vitamin D receptors, thus leading to the hypothesis that vitamin D is actively taken up in these
higher central control centres because it plays a specific, non-calcium related role in regulating
the ANS (8, 9). These findings, combined with the previously reviewed effect of vitamin D in
orchestrating biosynthesis of known neurotransmitters and nervous system activity, suggests that
vitamin D may directly contribute to the function of the cardiac ANS, and therefore subsequent
CVD-risk, by orchestrating regulatory activity at these higher brain centres of the nervous
system.
Vitamin D Deficiency and Cardiovascular Risk: A Role for the ANS
Vitamin D deficiency is typically defined as a 25-hydroxyvitamin D serum level below
20ng/mL (50nmol/L) in the general population (1, 10), although much controversy exists
surrounding the appropriate and optimal vitamin D levels (11, 14, 68). A number of
observational studies and meta-analyses of these studies have demonstrated striking associations
between vitamin D deficiency and patient-level outcomes including as CVD and CVD-related
death, namely sudden arrhythmic death, in both healthy populations and in the high-risk CKD
population (38, 54, 55, 69-72). Utilizing National Health and Nutrition Examination Survey
(NHANES) data from 1988-94 and 2001-06, Scragg et al. (69) reported that in a cohort of
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27,153 individuals with 25-hydroxyvitamin D levels <10ng/ml demonstrated significantly higher
values of mean heart rate, systolic blood pressure, and rate-pressure product, a measure of
cardiac work, compared to those with 25-hydroxyvitamin D levels equal to or greater than
35ng/ml. Unfortunately, very few randomized clinical trials have been prospectively designed to
determine causality of vitamin D in regards to important clinical outcomes in any population.
The PRIMO trial evaluated the impact of 48 weeks of oral paricalcitol, an activate analogue of
calcitriol, on left ventricular mass (LVM) and a number of additional CVD risk factors in a
stable chronic kidney disease population (71). Although no significant relationship between
vitamin D therapy and reduction in LVM or other secondary outcomes was observed, the authors
reported that a significantly greater number of subjects from the placebo group were admitted to
hospital for CVD-related events (71). The OPERA trial by Wang and colleagues (72) reported
that 52 weeks of 1ug paricalcitol daily for 52 weeks did not alter LVM in chronic kidney disease
patients, however did report a reduction in the number of cardiovascular-related hospitalizations
compared with placebo. We have also demonstrated in healthy humans that increasing vitamin
D levels with four weeks of high-dose vitamin D3 supplementation (10,000 IU cholecalciferol)
was associated with a significant improvement in cardiac ANS balance, specifically enhancing
cardioprotective vagal activity, in response to an external stressor (42). Specific to the CKD
population, Dreschler et al. (38) have shown that survival is significantly decreased in end-stage
kidney disease patients on hemodialysis with vitamin D deficiency. Those within the lowest
quartile of 25-hydroxy vitamin D serum levels had a three-fold higher risk of sudden cardiac
death compared to those in the highest quartile. Similar results have been reported in a recent
study of vitamin D deficient end-stage kidney disease patients on hemodialysis. Krause et al.
demonstrated that exposure to short-term artificial sunlight heliotherapy not only increased
serum 25-hydroxy vitamin D levels and control of mineral metabolism, but significantly
increased measurements of cardioprotective vagal activity which were severely depressed at
baseline (73). Of note, the magnitude of increase in serum vitamin D levels following
heliotherapy was directly correlated to the magnitude of increased cardiac vagal activity,
implying that vitamin D levels may indeed constitute an important aspect of the development
CVD-related events by interacting directly with the ANS. Further, vitamin D deficiency has been
demonstrated to be an important regulator in the neurocardiovascular disease pathways
associated with epilepsy (74) and spinal cord injury (75) in humans. Taken together, these data
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suggest that vitamin D deficiency directly influences CVD and CVD-related mortality risk by
mediating activity of the ANS outside the realm of generic mineral metabolism (Figure 2.1) in
both CKD and non-CKD patient populations. Overall, vitamin D supplementation appears to
possess genomic and non-genomic mechanisms that may influence activity of the ANS,
presenting an attractive therapeutic option.

Figure 2.1 Hypothesized implication of vitamin D deficiency on cardiovascular risk via
interaction with the autonomic nervous system
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Implications and Future Research
The need for more comprehensive, prospectively-designed clinical trials assessing the
impact of vitamin D on overall health is highlighted by the current uncertainty in available
guidelines which report conflicting data regarding optimal serum vitamin D levels and benefits
of achieving such levels with supplementation. Furthermore, a better understanding of the nongenomic roles of vitamin D at the neurological level in relation to the ANS’ known association
with CVD and CVD-related death is warranted. The VITAH study (44) (clinicaltrials.gov
identifier: NCT01774812) is currently underway and will assess the impact of the activated
vitamin D analogue alfacalcidiol, with or without additional ergocalciferol (vitamin D2) on
cardiac ANS activity in a stable end-stage kidney disease population on hemodialysis to
determine the effect of the different vitamin D supplementation regimens on cardiac ANS
activity. Vitamin D supplementation appears to be a simple and cost-effective treatment to
reduce CVD-risk associated by improving the function of the ANS in both healthy and chronic
disease populations worldwide. Thus, further translational patient-oriented research is warranted
to optimize clinical recommendations and use of vitamin D supplements in high-risk and healthy
populations alike.
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CHAPTER 3: EFFECT OF ORAL VITAMIN D ANALOGUES ON MORTALITY AND
CARDIOVASCULAR OUTCOMES AMONG ADULTS WITH CHRONIC KIDNEY
DISEASE: A META-ANALYSIS
Mann MC, Hobbs AJ, Hemmelgarn BR, Roberts DJ, Ahmed SB, Rabi DM. Effect of vitamin D
analogues on mortality and cardiovascular outcomes among adults with chronic kidney disease:
a meta-analysis. Clinical Kidney Journal. 2014; 8(1): 41-48. doi: 10.1093/ckj/sfu122
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Abstract
Background: Vitamin D deficiency is highly prevalent in patients with chronic kidney disease
(CKD), and has been associated with all-cause and cardiovascular mortality in observational
studies. However, evidence from randomized controlled trials (RCTs) supporting vitamin D
supplementation is lacking. We sought to assess whether vitamin D supplementation alters the
relative risk (RR) of all-cause and cardiovascular mortality, as well as serious adverse
cardiovascular events, in patients with CKD, compared to placebo.
Methods and Results: PubMed/MEDLINE, EMBASE, Cochrane Library, and selected
nephrology journals and conference proceedings were searched in October 2013. RCTs
considered for inclusion were those that assessed oral vitamin D supplementation vs. placebo in
adults with CKD (<60ml/min/1.73m2), including end-stage CKD requiring dialysis. We
calculated pooled RR of mortality (all-cause and cardiovascular) and of cardiovascular events
and stratified by CKD stage, vitamin D analogue, and diabetes prevalence. The search identified
4,246 articles, of which 13 were included. No significant treatment effect of oral vitamin D on
all-cause mortality (RR: 0.84; 95% CI: 0.47, 1.52), cardiovascular mortality (RR: 0.79; 95% CI:
0.26, 2.28) or serious adverse cardiovascular events (RR: 1.20; 95% CI: 0.49, 2.99) was
observed. The pooled analysis demonstrated large variation in trials with respect to dosing
(0.5ug- 200,000IU/ week) and duration (3-104 weeks).
Conclusions: Current RCTs do not provide sufficient or precise evidence that vitamin D
supplementation affects mortality or cardiovascular risk in CKD. While its effect on biochemical
endpoints is well documented, the results demonstrate a lack of appropriate patient-level data
within the CKD literature which warrants larger trials with clinical primary outcomes related to
vitamin D supplementation.
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Introduction
The chronic kidney disease (CKD) patient population experiences a high burden of
cardiovascular mortality (21). Moreover, those with CKD demonstrate severe vitamin D
deficiency (21), which generates downstream disruptions of systemic mineral metabolism (76,
77). Recent evidence suggests that vitamin D supplementation may provide a survival benefit
with respect to cardiovascular mortality, suggesting that this benefit may be related to vitamin D
metabolism (6, 13, 21, 38, 70, 71, 77 – 79). Unfortunately, this evidence is predominately
derived from observational studies (38, 70, 79).
Vitamin D supplementation is a reasonably safe and simple intervention and its impact on
cardiovascular outcomes has been extensively studied in randomized controlled trials. Although
a recent meta-analysis of 40 such trials reported no association between vitamin D therapy and
the relative risk (RR) of cardiovascular endpoints, studies of subjects with chronic comorbidities,
such as CKD, were excluded (51). Other meta-analyses and a recent umbrella review assessing
the efficacy of vitamin D therapy on mortality risk in the CKD population only included small
trials that were not adequately powered to assess this clinically important outcome. Not
surprisingly, the authors did not find any significant effect at the time of publication (80- 83).
Since these results were published, the clinical landscape has evolved, and now a number of new
nutritional and activated vitamin D analogues are available, which are being used in the
management of patients with CKD (6). Whether specific analogues of vitamin D provide varying
degrees of all-cause or cardiovascular survival benefit in the CKD population remains poorly
studied.
We undertook a systematic review and meta-analysis of RCTs to investigate the effect of
vitamin D therapy versus placebo on the risk of all-cause and cardiovascular-related mortality, as
well as serious adverse cardiovascular events, among adults with CKD. We specifically aimed to
address the following unanswered questions; (a) does oral vitamin D therapy reduce the RR of
all-cause mortality, cardiovascular mortality, and other serious adverse cardiovascular events,
compared to placebo in patients with CKD, and (b) are different vitamin D analogues associated
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with varying degrees of RR of all-cause mortality, cardiovascular mortality, and other serious
adverse cardiovascular events compared to placebo in patients with CKD?
Methods
Data Sources and Searches
Our literature search was conducted using PubMed/MEDLINE (1966 to October
2013), EMBASE (1980 to October 2013), the Cochrane Collaboration Central Register of
Controlled Clinical Trials, the Cochrane Database of Systematic Reviews, and the Cochrane
Database of Registered Clinical Trials. A search of all registered trials on ClinicalTrials.gov as
well as two major nephrology journals (Journal of the American Society of Nephrology, Kidney
International) and the conference proceedings and abstracts from annual American Society of
Nephrology and World Congress of Nephrology meetings for inclusion of unpublished data for
the systematic review was done. The bibliographies of all articles included in the full text review
were scanned for further consideration. The search was inclusive of all languages. An example of
the full electronic search strategy utilized in MEDLINE is outlined in the Supplemental Table
S1.
Study Selection Criteria
Our systematic review and meta-analysis was conducted in accordance to the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-analysis) statement (84). Two
reviewers (MCM and AJH) independently screened abstracts identified based on the
aforementioned search strategy (Supplemental Table S1) to identify articles eligible for full-text
review. Placebo-controlled randomized trials reporting on original data studying oral vitamin D
(active or inactive analogues) supplementation for any stage of CKD (eGFR <90ml/min/1.73m2)
in adults (≥18 years old) were considered eligible for inclusion. Trials with intravenous vitamin
D interventions and subjects with kidney transplantation or previous parathyroidectomy were
excluded.
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Disagreements upon abstracts eligible for full-text review was discussed and finalized
through mutual consensus. Eligible abstracts then underwent full-text review by MCM and AJH
independently. Consensus was obtained between MCM and AJH for the final studies to be
included for data extraction with input from the authors DJR, BRH and DMR. Only trials that
reported mortality data, including zero events, were included in our systematic review. Articles
which did not clearly define whether events occurred in the treatment or placebo arms were
excluded. The authors of trials with unavailable data were contacted to determine their eligibility
for inclusion in our study.

Data Extraction and Quality Assessment
We extracted data using a predetermined template in Microsoft Excel. Information
retrieved included patient demographics (age, sex, prior cardiovascular history, CKD stage,
diabetic status, previous supplement use and medication use); baseline and post-intervention
physiological characteristics (serum and urinary renal and mineral metabolism parameters);
vitamin D intervention (analogue, dose, dose adjustments, frequency of treatment); and patientlevel outcomes reported (all-cause and/or cardiovascular mortality and other serious adverse
cardiovascular events). Serious adverse cardiovascular events were defined as either fatal or nonfatal MI, CHF, sudden cardiac death (SCD), and aortic dissection, or as classified by the authors
of each trial. Values for pre- and post-treatment variables were combined for trials that had more
than one treatment group. Study quality was assessed using the Cochrane Collaboration Tool for
Assessing Risk of Bias in RCTs (85). Studies were included in the systematic review and metaanalysis regardless of the results of study quality assessment.
Data Synthesis and Analysis
We used a DerSimonian and Laird random-effects model to derive the pooled RRs to
determine the relationship between vitamin D supplementation and all-cause mortality,
cardiovascular mortality, and serious adverse cardiovascular events in subjects with CKD (86).
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RRs were derived from sample sizes and the event rates for deaths and cardiovascular events
within each trial.
Stratified meta-analyses were done to determine if the effect estimate differed by CKD
stage, vitamin D analogue utilized in each trial, and proportion of subjects from each trial with
diabetes. The CKD stage was determined by the reported mean baseline eGFR for each trial.
Vitamin D analogue used was defined by the form of vitamin D assigned in each trial. The
average weekly dose was calculated by converting dosages to micrograms and then determined
the amount of vitamin D received over a one week period (ug/week). The proportion of patients
with diabetes in each of the trials was categorized as 0%, <25%, 50%, 75% or 100% of subjects
enrolled. Heterogeneity between the included trials was assessed using the I2 statistic and Q
statistic based on the Chi-square distribution with 12 degrees of freedom. All data reported
herein represent means ±SD with a p-value < 0.05 considered significant. All statistical analysis
was performed using Stata version 12.0 (Stata Corp, College Station, Texas).
Results
Literature Search
We identified 4,246 abstracts based on pre-specified criteria (Figure 3.1, Supplemental
Table S1). After removal of duplicates, 107 manuscripts were identified for full text review
(agreement between the authors MCM and AJH was 92%; kappa 0.53; 95% CI: 0.48-0.59). After
the full text review, 96 articles were excluded. Overall, 13 RCTs were eligible for inclusion in
the systematic review and meta-analysis (71, 72, 87 – 97). All 13 studies reported incidence of
mortality,(zero deaths or more) and 5 trials (71, 88, 90, 92, 93) specified cardiovascular
mortality. All but three studies (87, 91, 97) reported the presence or absence of cardiovascular
adverse events during the intervention period.
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Figure 3.1 PRISMA Literature search and study selection
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Quality Assessment and Publication Bias
Overall, trial quality was consistent for a low-moderate risk of bias for all of the domains
within and across the studies listed (Supplemental Table S2). There was a lack of clarity around
the methods surrounding randomization sequence generation in four of the 13 trials (31%) (91,
93, 96, 97), unclear blinding methods in two trials (15%) (91, 97), and unclear allocation
concealment protocol for eight of the trials (46%) (72, 88, 91-96).
Study Characteristics
The subject characteristics, intervention, and outcomes reported in the 13 trials are
displayed in Table 3.1. These studies were published between 1981 and 2013 with data collected
from a total of 1,469 patients. Length of follow up ranged from 3 to 104 weeks. There were a
total of 41 all-cause deaths in the 13 trials, with 18 deaths in the placebo and 23 in the treatment
arm. Six trials (71, 88, 90, 92- 94) specified deaths related to a cardiovascular etiology, and
seven (71, 72, 88, 90, 92, 93) reported non-fatal cardiovascular adverse events. None of the 13
trials listed mortality or cardiovascular event rate as an a priori primary or secondary outcome.
The trials included patients with CKD stage 1-5 (31), including end-stage kidney disease
requiring hemodialysis (stage 5D); eGFR was reported in only six of the included trials (72, 8688, 93, 96) (19-22, 25, 28, 30) and ranged from 23.0 – 61.25ml/min/1.73m2 in subjects allocated
to the placebo arm and from 19.7-62.5ml/min/1.73m2 within the treatment group. Four of the
thirteen studies exclusively included end-stage kidney disease patients on hemodialysis with a
mean dialysis vintage ranging from 45 to 70 months in the placebo arm and 22 to 60 months in
the treatment arm (91, 92, 96, 97). Baseline mean 25-hydroxy vitamin D levels ranged from
12.0-32.1ng/ml in the placebo groups and 9.5-26.7ng/ml in the treatment groups. Approximately
30% of subjects in each arm reported use of renin-angiotensin-aldosterone-system (RAS)
inhibitors, diuretics, diabetes medications, past vitamin D supplementation, and
phosphate/calcium binders.
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Table 3.1. Characteristics of randomized-controlled trials included in meta-analysis
Author,
Year

Location

Sample Size
Placebo

Treatment

Mean Age (yrs)
Placebo

Treatment

% Female
Placebo

% Diabetes

Treatment

Placebo

CKD
Stage

Intervention

Dosing Regimen

Duration
of Study
(weeks)

Primary
Outcome

Placebo

Treatment

Placebo

Treatment

Placebo

Treatment

52

maintain
vitamin D
status,
reduction in
PTH

1

1

NR

NR

NR

NR

32

reduction in
PTH

1

0

1

0

1 MI, 1
SCD

1 CHF

24

reduction in
PTH

1

2

0

0

0

1
bradycardi
a

Treatment
50,000 IU per week
for 12 weeks
followed by 50,000IU
per week for 40
weeks
0.5ug twice daily ,
increased by 1
capsule per day at
monthly intervals
until PTH <30%
baseline
2ug thrice weekly,
increased to 4ug if
PTH>500pg/ml

All-cause Mortality

Cardiovascular
Mortality

Cardiovascular
Events

Alvarez,
2012

USA

24

22

63±9

62±11

8

9

71

82

1 and 2

Cholecalciferol

Coburn,
2004

USA

28

27

65±12

64±13

14

22

0

0

3 and 4

Doxercalciferol

Coyne
2006

USA,
Poland

113

107

62±12

64±13

33

32

NR

NR

3 and 4

Paricalcitol

de Zeeuw,
2010

USA,
Europe

93

188

64±11

65±10

65

28

100

100

2 and 3

Paricalcitol

1.5ug daily

24

reduction
of
albuminuria

0

2

0

1

Delanaye,
2013

Belgium

21

22

73±12

75±9

36

25

NR

NR

5D

Cholecalciferol

25,000IU once every
two weeks

52

safe
increase in
25-hydroxy
vitamin D

5

6

NR

NR

NR

NR

10ug thrice weekly,
adjusted by 2.5ug
increments if PTH
outside target range
(150-300pg/ml)
0.25ug daily,
adjusted 0.25-1ug
per day to maintain
baseline serum
calcium
50,000IU once per
week for 8 weeks,
reduced to once per
month for last 16
weeks

8

reduction in
PTH

2

1

2

1

2 SCD

1 SCD

104

bone
histology,
markers of
renal bone
disease

1

4

1

4

0

0

24

muscle
strength
and
function

1

1

0

1

0

0

Cholecalciferol

40,000IU once per
week

8

1

0

0

0

0

0

Alfacalcidol

0.5ug daily

104

3

3

0

0

0

0

Frazao,
2000

USA

67

71

49±15

55±12

51

51

NR

NR

5D

Doxercalciferol

Hamdy,
1995

Europe

87

89

51±16

53±15

39

39

NR

NR

2 and 3

Alfacalcidol

Hewitt,
2013

Australia

30

30

57

47

60

50

5D

Cholecalciferol

Marckman
n, 2012

Denmark

27

27

68±22

71 ±19

23

27

38

31

2 and 3

Memmos,
1981

United
Kingdom

30

27

48±12

50±10

37

33

NR

NR

2 - 5D

Thadhani,
2012

USA,
Australia,
Europe

112

115

66±12

64±11

30

31

51

55

3 and 4

Paricalcitol

2ug daily

48

Wang,
2013

Hong Kong

30

30

62±11

61±1

53

40

43

27

3

Paricalcitol

1ug daily

52

Wasse,
2012

USA

27

25

52±14

49±13

37

40

52

48

5D

Cholecalciferol

200,000IU once per
week

3

*IQR

67 (54,72)* 60 (53,71)*

1
1 SCD, 1
hypertensio
CHF
n

increase in
25-hydroxy
vitamin
bone
histology
markers of
renal bone
disease
change in
left
ventricular
mass
change in
left
ventricular
mass
correction
of vitamin
D
deficiency

1

1

1

1

0

0

0

0

1

2

0

0

4 CHF, 1
aortic
dissection,
2 chest
pain
1 MI, 1
bradycardi
a, 1 fluid
overload
NR

1 chest
pain

0

NR

Trials randomized patients to receive placebo or cholecalciferol (86, 91, 94, 95, 97),
Doxercalciferol (88, 92), paricalcitol (71, 72, 89, 90), or alfacalcidol (93, 96). The dosage and frequency
of treatment across trials differed substantially, from 0.25ug per day (93) to 200,000 IU per week (97).
Three trials followed dose adjustment protocols based on serum PTH (88, 89, 92) or calcium (93).

All-cause Mortality and Vitamin D Supplementation
A random effects model of the pooled RRs of all-cause mortality across the 13 trials is displayed
in Figure 3.2. There was no evidence of a significant effect of Vitamin D supplementation compared to
placebo on the risk of all-cause mortality (pooled RR: 0.84; 95% CI: 0.47, 1.52). Point estimates for each
of the 13 trials display considerable overlapping of confidence intervals, all of which cross the null value
of a RR of 1.0, which suggests that there is no significant effect of vitamin D treatment on all-cause
mortality in CKD patients compared to placebo. Similar insignificant pooled estimates of effect were
found after stratifying by clinically important variables (Figure 3.3).
Cardiovascular Mortality, Serious Cardiovascular Adverse Events and Vitamin D Supplementation
There was also no significant treatment effect of vitamin D supplementation on cardiovascular
mortality (6 studies; pooled RR: 0.79; 95% CI: 0.26, 2.28), with no statistical heterogeneity between the
studies (X2=2.69,p=0.748, I2=0.0%) (Table 3.2). In addition, no significant increase or decrease in the
risk of serious adverse cardiovascular events was demonstrated with oral vitamin D supplementation (6
studies; pooled RR: 1.20; 95% CI: 0.49, 2.99).
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Figure 3.2 Pooled relative risk of all-cause mortality, cardiovascular mortality, and serious adverse
cardiovascular events in relation to vitamin D supplementation
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Figure 3.3 Pooled relative risk of all-cause mortality in relation to vitamin D supplementation,
stratified by CKD stage, vitamin D analogue, and proportion of diabetic subjects enrolled
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Discussion
To our knowledge, this is the first meta-analysis evaluating the effects of vitamin D
supplementation compared to placebo in decreasing the risk of overall all-cause mortality, cardiovascular
mortality, and serious adverse cardiovascular events in individuals with CKD. The key findings from our
meta-analysis are consistent with previous reviews in this area, and suggest that there is no quantifiable
treatment effect of vitamin D on RR of mortality or cardiovascular outcomes compared to placebo.
However, the trials evaluating vitamin D therapy continue to examine physiologic primary outcomes and
are not adequately designed to assess the risk of mortality or cardiovascular-related mortality and
cardiovascular adverse events.
Cardiovascular mortality is arguably the most clinically important outcome for persons living
with CKD. One quarter of deaths in the CKD population are reported as fatal cardiovascular events (76).
Vitamin D deficiency may play a role in the development and progression of cardiovascular disease, and
there is great interest in determining whether vitamin D treatment can lower the risk of adverse outcomes.
Patients with CKD are at high risk for low serum vitamin D for multiple reasons. A restrictive diet and
overall deteriorating health also predisposes those with CKD to classical vitamin D deficiency defined by
25-hydroxyviamin D serum levels (6). The kidneys also play a vital role in vitamin D metabolism and
overall maintenance of mineral metabolism within the body. Classically, nutritional sources of vitamin D
(cholecalciferol, vitamin D3; and ergocalciferol, vitamin D2) must undergo two enzymatic
hydroxylations: 1) in the liver to 25-hydroxyvitamin D; 2) in the kidney, the enzyme 1α-hydroxylase
converts 25-hydroxy vitamin D to the biologically active form of vitamin D, 1,25dihydroxycholecalciferol (calcitriol) or 1,25- dihydroxyergocalciferol (98, 99). The liver hydroxylation is
largely substrate driven, but the kidney’s 1α-hydroxylase is very tightly regulated by hormonal
components (ie. PTH) and concentrations of calcium and phosphate ions (98, 99). Throughout the
progression of CKD, increasing loss of functional renal tissue reduces the availability and function of 1αhydroxylase, which in turn disrupts overall vitamin D production, metabolism, and hormones (52). CKD
patients also often experience exacerbated vitamin D deficiency due to additional non-physiological
sources including intensive dietary restriction and lack of sun exposure due to decreased mobility (52).
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Lower levels of serum vitamin D are associated with significant changes in mineral metabolism
that adversely affect vascular function. Further, lower levels of vitamin D are associated with
upregulation of the RAS and subsequently lead to vasoconstriction and increased blood pressure,
vascular stress, and, ultimately, a higher degree of cardiovascular stress and workload (100). In relation
to this, impaired hemodynamic control, baroreflex dysfunction, and poor autonomic nervous system
control has been observed in the CKD population (42, 65). Vitamin D deficiency may increase
cardiovascular risk by disrupting mineral metabolism leading to vascular calcification, increasing
vascular stress by upregulation of the renin-angiotensin system (13), and may also contribute to poor
control of the cardiac autonomic nervous system which has been shown to be associated with increased
risk of SCD (42, 67).
In observational studies of patients with CKD, vitamin D deficiency has been associated with
increased mortality and overall cardiovascular risk while vitamin D supplementation has been shown to
ameliorate this association (38, 101). A recent meta-analysis of 20 observational studies collectively
supports these findings (70). Unfortunately, clinical trials investigating similar outcomes remain very few
in number and past analyses of RCTs with patient-level outcomes have also not been adequately powered
to confirm or dispute the conclusions drawn from observational studies. Our meta-analysis is the most
comprehensive and current assessment of placebo-controlled RCTs that report incidence of all-cause
mortality, cardiovascular mortality, and serious adverse cardiovascular events throughout an oral vitamin
D intervention in CKD patients.
Limitations
Our meta-analysis is not without limitations, many arising from study-level and characteristics
and quality. The inherent variation across each trials’ intervention duration, frequency and treatment
dose, as well as varying primary and secondary outcomes, decreases the compatibility of studies in
regards to pooling and comparing data from included studies. The random effects model of pooled RRs
identified variation due to chance alone and there was considerable overlap across individual study
confidence intervals. None of the studies were designed a priori to capture mortality or cardiovascular
event data and thus the event rates associated with the intervention and placebo may not reflect the true
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rates. The wide-spread clinical use of vitamin D supplements within the CKD patient population
contrasts with the inconsistent trials and lack of patient-level outcome studies, which does not allow for
appropriate evaluation of the impact of vitamin D supplementation on mortality or cardiovascular risk.
Conclusions
Overall, we found poor evidence of a precise and positive effect of vitamin D supplementation on
all-cause mortality, cardiovascular mortality, and/or serious adverse cardiovascular events compared to
placebo. Stratification of trials by CKD stage, average weekly standardized vitamin D dose, proportion of
diabetic subjects enrolled, and vitamin D analogue, showed similar findings. The absence of a significant
or precise result should not be interpreted as evidence that vitamin D therapy has no benefit in patients
with CKD. There is evidence (83) that vitamin D effectively and safely lowers PTH and this review,
along with those that preceded it, highlight that the trials to date are limited in their power and ability to
appropriately evaluate more clinically meaningful outcomes. The current state of the literature is unfit to
systematically quantify any effect of vitamin D therapy on these clinical outcomes.
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CHAPTER 4: VITAMIN D STATUS AND CARDIAC AUTONOMIC TONE IN HEALTHY
HUMANS
Mann MC, Exner DV, Hemmelgarn BR, Sola DY, Turin TC, Ellis L, Ahmed SB. Vitamin D levels are
associated with cardiac autonomic activity in healthy humans. Nutrients. 2013; 5(6): 2114-2127. doi:
10.3390/nu5062114
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Abstract

Vitamin D deficiency is a cardiovascular (CV) risk factor that affects approximately 1 billion
people worldwide, particularly those inflicted with chronic kidney disease (CKD). Individuals with
CKD demonstrate abnormal cardiac autonomic nervous system activity which has been linked to the
overwhelming rates of CV-related mortality in this population. Whether vitamin D deficiency has a
direct association with regulation of cardiac autonomic activity has never been explored in humans.
Methods: Thirty four healthy, normotensive subjects were studied. Power spectral analysis of
electrocardiogram recordings provided measures of cardiac autonomic activity across low frequency
(LF) and high frequency (HF, representative of vagal contribution) bands, as well overall
cardiosympathovagal balance (LF:HF) during graded angiotensin II (AngII) challenge (3ng/kg/min x
30min, 6ng/kg/min x 30min). Results: At baseline, significant suppression of sympathovagal balance
was observed in the 25-hydroxy vitamin D-deficient participants (LF:HF, p=0.02 vs. non-deficient),
although no other differences were observed throughout AngII challenge. Subjects were then
categorized by 1,25-dihydroxy VD status (below vs. above 25th percentile). Participants in the lowest
1,25-dihydroxy VD percentile experienced severe withdrawal of inhibitory vagal control as well as
altered overall sympathovagal balance throughout AngII challenge (HF, mean difference = -6.98±3
nu, p=0.05; LF:HF, mean difference = 0.34±0.1, p=0.043 vs. above 25th percentile). Conclusions:
Vitamin D deficiency is associated with suppression of resting cardiac autonomic activity, while low
1,25-dihydroxy vitamin D levels are associated with unfavourable cardiac autonomic activity during
an acute AngII stressor, which allows for unique insight into a pathophysiological mechanism that
may be acting to elevate CV risk specifically within the CKD population.
Keywords: vitamin D and cardiovascular disease; vitamin D deficiency; cholecalciferol; cardiac
autonomic nervous system; heart rate variability; angiotensin II.
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Introduction
Vitamin D deficiency is influenced by dietary habits, body composition, ethnicity, as well as
sun exposure relative to geographical location and altitude, and has been shown to be associated with
poor cardiovascular (CV) outcomes and risk (1, 102, 103). It has previously been shown that
dysfunction of the autonomic nervous system (ANS) is predictive of increased CV risk (30, 33, 65,
66, 105, 106). Decreased vitamin D levels have also been associated with increased CV risk,
suggesting a link between hypovitaminosis D and alternations in cardiac autonomic tone. The
sympathetic and parasympathetic (vagal) limbs of the ANS act in concert with one another to
stimulate and inhibit heart rate and contractility, respectively. Though the association between
vitamin D and cardiosympathovagal tone has not specifically previously been studied in humans,
patients with dysfunctional vitamin D metabolism such as those with chronic kidney disease (CKD)
demonstrate unfavourable cardiosympathovagal activity characterized by a significant withdrawal of
inhibitory vagal activity (33). Together, these observations suggest a potential link between vitamin
D and cardiac autonomic nervous system (ANS) control and therefore CV risk; however whether
vitamin D deficiency has a direct influence on cardiac autonomic activity remains unknown in
humans.
Methods
We sought to evaluate the impact of low serum levels of vitamin D metabolites: a)vitamin D
deficiency, defined as <50nmol/L 25-hydroxy vitamin D [11], and b) low 1,25-dihydroxy vitamin D,
defined as within the lowest quartile of 1,25-dihydroxy vitamin D (102) on cardiac autonomic activity
in 34 healthy, normotensive volunteer subjects undergoing graded angiotensin II (AngII) challenge
(3ng/kg/min x 30min, 6ng/kg/min x 30min). The AngII challenge involves infusion of exogenous
AngII, the effector hormone of the renin-angiotensin system (RAS) within the kidney which induces
a slight increase in blood pressure (BP) and thus acts as an acute physiological stressor in these
healthy subjects (13, 107). This study was approved by the Conjoint Health Research Ethics Board
(CHREB) at the University of Calgary (project ID #22859) and was conducted in accordance with the
principles outlined in the Declaration of Helsinki.
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Following collection of verbal and written informed consent, subjects consumed >150mmol
Na+/day for 3d prior to the study to ensure maximal RAS suppression (108). All women were studied
mid-menstrual cycle, confirmed by counting days from the last menstrual period and measurement of
sex hormone levels. All studies were conducted at the University of Calgary Human Physiology
Laboratory and commenced at 0800h with fasting subjects lying supine in a quiet, temperaturecontrolled room. An 18-gauge peripheral venous cannula was then inserted into each antecubital vein
for blood sampling and infusions. BP was monitored throughout the study by an automated
sphygmomanometer cuff (GE Healthcare, Dinamap) at 15 minute intervals. Following a 90min
equilibration period, subjects underwent graded AngII infusion.
Cardiac autonomic activity
Electrocardiogram (ECG) data were collected during spontaneous, natural breathing with a
3-lead ambulatory Holter monitor (GE Healthcare; Milwaukee, USA) at a sampling frequency of 125
Hz. ECG data was collected continuously throughout the duration of the 150 minute study period
(baseline x 90 min, 3ng/kg/min AngII x 30 min, 6ng/kg/min AngII x 30 min). ECG tracings were
screened by a qualified technician for artefacts and irregular QRS complexes in order to exclude any
abnormal rhythms. Power spectral density analysis was then calculated to include rhythms with
activity within the bandwidth frequency of 0.003 – 1.7 Hz (MARS v. 7; GE Healthcare; Milwaukee,
USA). Absolute values of cardiac autonomic activity (in milliseconds) in the total power (TP), verylow frequency (VLF, 0.003-0.04 Hz), low-frequency (LF, 0.04-0.15 Hz) and high-frequency (HF,
0.15-0.4 Hz) bands were recorded. Both absolute LF and HF parameters were then squared and logtransformed (ln ms2) as well as converted to normalized units (nu) to account for changes in total
autonomic power (28). Overall cardiosympathovagal balance (LF:HF) was derived automatically
within the MARS software by comparing the LF/LF+HF and HF/HF+LF ratios.
While some methodological variation exists within the literature (109), it is widely accepted
that power spectral density analysis measurements within the HF frequency bandwidth represents
independent contribution from the vagal limb of the cardiac autonomic nervous system (28). While
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some controversy exists with regards to the remaining frequency domain measures, it has been
speculated that activity within the VLF frequency bandwidth may represent contribution influenced
by both the RAS (110), and more recently, the vagal limb of the cardiac ANS (111). Previously, the
LF bandwidth has been attributed to the sympathetic limb of the cardiac ANS (28), however this view
has been challenged and interpreted as being largely influenced by vagal outflow generated by the
baroreceptor reflex (109). The LF:HF measure is thought to be an overall estimate of the relative
balance of autonomic activity within the entire cardiac ANS (28).
Biochemical analysis

Serum 25-hydroxy vitamin D and parathyroid hormone (PTH) were quantified using
chemiluminescence immunoassay techniques (Liaison 25-hydroxyVitamin D Total Assay, Liaison NTACT PTH, DiaSorin Clinical Assays; Stillwater, MN). Serum 1,25-dihydroxy vitamin D level was
determined by a two-step assay involving extraction of vitamin D metabolites followed by
competitive radioimmunoassay (1,25-dihydroxy vitamin D 125I RIA kit, DiaSorin Clinical Assays;
Stillwater, MN). Plasma renin activity (PRA) was determined by quantification of plasma angiotensin
I, the primary product of renin activation, using radioimmunoassay (Plasma Renin Activity 125I,
DiaSorin Clinical Assays; Stillwater, MN). AngII plasma levels were measured by standard
immunoassay techniques (Quest Diagnostics; San Juan Capistrano, CA). Serum aldosterone levels
were determined by radioimmunoassay (Aldosterone Coat a Count Kit, Intermedico; Markham,
Canada). Serum creatinine and cholesterol were quantified by enzymatic colorimetric assay
(Roche/Hitachi Creatinine Plus, CHOD-PAP, HDL-C Plus, and Triglycerides GPO-PAP Kits, Roche
Diagnostics; Indianapolis, IN).

Statistical analysis
Data are expressed as mean±SE. The primary outcome was the association between 25hydroxy vitamin D status (deficient vs. non-deficient) and cardiac autonomic activity differences at
baseline and in response to AngII challenge. The secondary outcome was the association between
active 1,25-dihydroxy vitamin D status (lowest 25th percentile vs. above 25th percentile) (102) and
47

changes in cardiac autonomic activity at baseline and in response to AngII challenge. Differences
between the vitamin D groups at specific time points were tested using non-parametric Mann
Whitney-U. Linear trends for responses over time were calculated using the non-parametric one-way
analysis of variance (Kruskal-Wallis). Within-subject and between-subject responses were also
analyzed with two-way repeated measures analysis of variance (ANOVA) to account for both the
dose of AngII infusion and vitamin D group allocation, with race and gender (27) included as
covariates within the model. All test assumptions were tested and verified before conducting analyses
utilizing SPSS (IBM; v. 19) with a significance level of α = 0.05.
Results
Subject characteristics

Subject characteristics are described in Table 4.1. When participants were stratified by 25hydroxy vitamin D status, all subjects were normotensive and non-obese with normal kidney
function, though deficient subjects were more likely to demonstrate, by definition, lower 25-hydroxy
vitamin D (p<0.001), greater parathyroid hormone levels (p=0.046) and lower epinephrine levels
(p=0.19). There was a trend towards lower self-reported Caucasian race and lower 1,25-dihydroxy
vitamin D levels but this did not achieve statistical significance. When subjects were stratified by
1,25-dihydroxy vitamin D status, similar findings were observed, though the only difference between
groups was, by definition, 1,25-dihydroxy vitamin D levels. No association between 25-hydroxy
vitamin D and 1,25-dihydroxy vitamin D was observed (r= 0.061, p=0.73).
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Table 4.1. Baseline characteristics of healthy subjects
All
Subjects
(n=34)

Stratification by
25-hydroxy
vitamin D status
Deficient

NonDeficient

<50nmol/L >50nmol/L
(n=7)
(n= 27)
Age (yrs)

Stratification by
1,25-dihydroxy
vitamin D status
pvalue

Below 25th
percentile

Above 25th
percentile

<76pmol/L
(n=8)

>76pmol/L
(n=26)

pvalue

38 ± 2

37 ± 5

38 ± 3

0.96

37 ± 4

38 ± 3

0.92

Caucasian (%)

25 (74%)

4 (57%)

21 (77%)

0.08

7 (88%)

18 (69%)

0.56

Female (%)

22 (65%)

5 (71%)

17 (63%)

0.69

6 (75%)

16 (62%)

0.22

BMI (kg/m2)

26 ± 1

27 ± 1

25 ± 1

0.43

27 ± 2

25 ± 1

0.21

SBP
(mmHg)

115 ± 2

112 ± 4

115 ± 3

0.63

115 ± 2

115 ± 3

0.37

DBP
(mmHg)

68 ± 1

64 ± 5

69 ± 2

0.28

70 ± 3

68 ± 2

0.44

MAP
(mmHg)

84 ± 2

80 ± 4

84 ± 2

0.37

85 ± 2

83 ± 2

0.41

71 ± 4

38 ± 2

81 ± 4

< 0.001

61 ± 7

74 ± 5

0.16

105 ± 6

86 ± 9

107 ± 7

0.15

64 ± 3

117 ± 6

<0.001

37 ± 2

45 ± 9

34 ± 2

0.046

33 ± 6

38 ± 3

0.29

Serum
calcium
(mmol/L)

2.2 ± 0.01

2.3 ± 0.04

2.2 ± 0.01

0.47

2.2 ±
0.03

2.2 ± 0.02

0.49

Serum
phosphate
(mmol/L)

1.0 ± 0.03

0.9 ± 0.08 1.01 ± 0.03

0.35

1.03 ±
0.04

0.97 ± 0.04

0.29

25-hydroxy
vitamin D
(nmol/L)
1,25dihydroxy
vitamin D
(pmol/L)
PTH (ng/L)
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HDL
(mmol/L)

1.4 ± 0.05

1.3 ± 0.1

1.5 ± 0.05

0.21

1.45 ± 0.07

1.4 ± 0.06

0.62

LDL
(mmol/L)

2.2 ± 0.1

1.8 ± 0.2

2.3 ± 0.2

0.17

2.1 ± 0.4

2.2 ± 0.2

0.65

NE (nmol/L)

1.3 ± 0.2

1.2 ± 0.06

1.3 ± 0.2

0.79

1.5 ± 0.3

1.3 ± 0.2

0.37

Epi (pmol/L)

97 ± 13

69 ± 11

117 ± 17

0.019

76 ± 13

103 ± 15

0.64

373 ± 20

355 ± 48

379 ± 25

0.65

348 ± 25

380 ± 27

0.40

69 ± 4

69 ± 7

70 ± 3

0.92

70 ± 5

67 ± 4

0.98

Urinary
sodium
(mmol/day)
Serum
creatinine
(umol/L)
PRA
(ng/L/s)
Ang II
(ng/L)
Aldo
(pmol/L)

0.21 ± 0.03 0.23 ± 0.04 0.20 ± 0.03

0.48

0.15 ± 0.03

0.23 ± 0.03

0.19

18 ± 1

18 ± 3

16 ± 1

0.38

18 ± 2

18 ± 1

0.81

106 ± 10

90 ± 8

110 ± 12

0.61

99 ± 14

109 ± 12

0.91

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean
arterial pressure; PTH, parathyroid hormone; HDL, high-density lipoprotein (cholesterol); LDL, lowdensity lipoprotein (cholesterol), NE, norepinephrine; Epi, epinephrine; PRA, plasma renin activity
Ang II, angiotensin II; Aldo, aldosterone.
All data are expressed as mean±SE unless otherwise indicated
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Cardiac autonomic responses in 25-hydroxy vitamin D deficient vs. non-vitamin D deficient subjects

At baseline, significant suppression of overall resting sympathovagal balance was observed
in the 25-hydroxy vitamin D deficient participants (LF:HF, p=0.02) (Figure 4.1). During AngII
infusion, no significant differences between groups at specific time point were noted. Further, no
significant trends in responses over time were observed within either group (Table 4.2). Two-way
repeated measures ANOVA revealed no significant within- or between- group contrasts.

Figure 4.1. Cardiosympathovagal modulation during angiotensin II challenge, by vitamin D
status
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Table 4.2. Cardiac autonomic response to angiotensin II challenge by 25-hydroxy vitamin D
status in healthy subjects
Baseline
3ng/kg/min AngII 6ng/kg/min AngII
Heart rate (bpm)
Vitamin D deficient
62 ± 3
56 ± 3
65 ± 4
57 ± 2
56 ± 3
58 ± 2
Non-vitamin D deficient
TP (ms)
Vitamin D deficient
Non-vitamin D deficient

56 ± 7
69 ± 6

66 ± 7
74 ± 7

63 ± 8
73 ± 7

VLF (ms)
Vitamin D deficient
Non-vitamin D deficient

39 ± 6
51 ± 5

48 ± 6
55 ± 7

47 ± 6
56 ± 5

LF (ms)
Vitamin D deficient
Non-vitamin D deficient

31 ± 4
37 ± 4

34 ± 4
37 ± 3

33 ± 5
37 ± 3

LF (ln ms2)
Vitamin D deficient
Non-vitamin D deficient

6.76 ± 0.3
6.99 ± 0.2

6.93 ± 0.3
6.97 ± 0.2

6.84 ± 0.3
7.00 ± 0.2

LF (nu)
Vitamin D deficient
Non-vitamin D deficient

61 ± 5
67 ± 3

58 ± 3
66 ± 3

62 ± 4
68 ± 2

HF (ms)
Vitamin D deficient
Non-vitamin D deficient

25 ± 3
25 ± 3

26 ± 3
24 ± 3

24 ± 4
23 ± 2

6.36 ± 0.3
HF (ln ms2)
6.40 ± 0.3
6.06 ± 0.6
6.12
±
0.2
6.02
±
0.2
5.98 ± 0.2
Vitamin D deficient
Non-vitamin D deficient
HF (nu)
41 ± 7
Vitamin D deficient
37 ± 4
32 ± 5
33 ± 3
28 ± 3
26 ± 2
Non-vitamin D deficient
LF:HF
1.25 ± 0.1
Vitamin D deficient
1.34 ± 0.2
1.55 ± 0.2
†
1.72
±
0.1
1.74 ± 0.1
Non-vitamin D deficient
1.66 ± 0.1
TP, total power; VLF, very-low frequency; LF, low-frequency; HF, high-frequency.
Vitamin D deficient (n=7), non-vitamin D deficient (n=27).
*p < 0.05 vs. response from baseline; †p < 0.05 vs. vitamin D deficient value at this time point
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Cardiac autonomic responses below vs. above 25th percentile 1,25dihydroxy vitamin D subjects

At baseline, there were no significant differences in cardiac autonomic activity between
groups. In response to 30 minutes of AngII challenge, subjects with 1,25-dihydroxy vitamin D
levels below the 25th percentile demonstrated loss of vagal tone as demonstrated by a decrease in
HF (nu) compared to subjects with 1,25-dihydroxy vitamin D levels above the 25th percentile
(p=0.05). As a consequence of the loss of vagal tone in response to the stressor, subjects with
1,25-dihydroxy vitamin D levels below the 25th percentile were unable to maintain overall
sympathovagal balance compared to those with 1,25-dihydroxy vitamin D levels above the 25th
percentile (p=0.043) (Table 4.3). Two-way repeated measures ANOVA revealed several
significant quadratic trends which occurred in measures of VLF, LF, and HF during AngII
challenge in subjects with 1,25-dihydroxy vitamin D levels below the 25th percentile (VLF
(F=1.53, p=0.028; LF ln ms2 F=1.48, p=0.036; LF nu, p=0.040; HF nu F=1.35, p=0.050).
Between-subject interactions comparing the two 1,25OH vitamin D groups revealed that 1,25hydroxy vitamin D status significantly or closely trended towards altering the LF, HF, and LF:HF
responses across AngII doses, specifically at the 3ng/kg/min dose (LF nu, mean difference =
8.84±4 nu, p=0.034; HF nu, mean difference = -6.98±3 nu, p=0.049; LF:HF, mean difference =
0.34±0.1, p= 0.080) (Figure 4.2).

Systemic responses to angiotensin II challenge

Throughout the AngII challenge, BP parameters increased similarly in all
subjects regardless of vitamin D stratification. Further, PRA decreased while aldosterone levels
increased as expected throughout the AngII challenge, with no significant differences in PRA or
aldosterone activity between either vitamin D stratification groups. No significant trends or
repeated measures comparisons were observed in any BP or RAS parameter.
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Table 4.3. Cardiac autonomic response to angiotensin II challenge by 1,25-dihydroxy vitamin D
status
Baseline

3ng/kg/min AngII

6ng/kg/min AngII

59 ± 3
58 ± 2

60 ± 2
56 ± 2

62 ± 3
58 ± 2

70 ± 15
66 ± 5

83 ± 16
69 ± 6

85 ± 18
67 ± 5

50 ± 12
48 ± 4

66 ± 13
50 ± 5

58 ± 11
53 ± 4

Heart rate (bpm)
Below 25th percentile
Above 25th percentile
TP (ms)
Below 25th percentile
Above 25th percentile
VLF (ms)
Below 25th percentile
Above 25th percentile
LF (ms)
Below 25th percentile
Above 25th percentile
LF (ln ms2)
Below 25th percentile
Above 25th percentile

40 ± 8
35 ± 3

43 ±8
34 ± 3

40 ± 10
35 ± 2

7.04 ± 0.4
6.91 ± 0.2

7.28 ± 0.4
6.87 ± 0.2

6.89 ± 0.5
6.99 ± 0.2

LF (nu)
Below 25th percentile
Above 25th percentile

67 ± 4
65 ± 3

72 ± 4
62 ± 3

69 ± 4
66 ± 2

HF (ms)
25 ± 5
23 ± 4
21 ± 5
Below 25th percentile
25
±
3
25
±
2
24 ± 2
Above 25th percentile
HF (ln ms2)
6.15 ± 0.4
6.04 ± 0.3
5.79 ± 0.4
Below 25th percentile
6.17 ± 0.2
6.12 ± 0.2
6.06 ± 0.2
Above 25th percentile
HF (nu)
23 ± 3
37 ± 7
25 ± 3
Below 25th percentile
†
34
±
3
28 ± 3
th
32 ± 3
Above 25 percentile
LF:HF
1.9 ± 0.2
1.6 ± 0.1
1.8 ± 0.2
Below 25th percentile
†
1.6 ± 0.1
0.7 ± 0.1
1.6 ± 0.1
Above 25th percentile
TP, total power; VLF, very-low frequency; LF, low-frequency; HF, high-frequency.
All data are
expressed as mean±SE unless otherwise indicated.
Below 25th percentile (n=8), above 25th percentile (n=26).
*p < 0.05 vs. response from baseline; †p < 0.05 vs. below 25th percentile at this time point
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Figure 4.2. Comparison of estimated marginal means of cardiac autonomic activity
between 1,25-dihydroxy vitamin D groups throughout angiotensin II challenge

Discussion
This is the first study to examine the relationship between 25-hydroxy vitamin D, the
barometer of vitamin D status, as well as 1,25-dihydroxy vitamin D, the activated form of
vitamin D, with cardiac autonomic activity at baseline and in response to a vascular stressor
in humans. Our key findings were 1) vitamin D deficiency as determined by 25-hydroxy
vitamin D levels in healthy humans were associated only with a suppression of resting
overall LF:HF, and 2) lower levels of 1,25-dihydroxy vitamin D, the activated form of
vitamin D, were associated with unfavourable shifts in cardiosympathovagal balance, driven
by exaggerated withdrawal of cardioprotective vagal tone, in response to AngII challenge.
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Vitamin D and Cardiovascular Risk
Vitamin D deficiency (<50nmol/L 25-hydroxy vitamin D) has been highlighted in
numerous studies involving high-risk CV disease populations (38, 112) suggesting that low
vitamin D status may be a potentially significant and treatable risk factor. In an observational
study by Wang and colleagues (113), normotensive subjects with 25-hydroxy vitamin D
serum concentrations of <37.5nmol/L demonstrated a 62% increase in CV disease risk over a
5.4 year follow-up compared to those with higher levels. Similarly, Dobnig et al. reported
that in 3258 patients referred for coronary angiography, those within the lowest quartiles of
25-hydroxy (<35nmol/L) or 1, 25-dihydroxy vitamin D (<51pmol/L) were at highest risk of
sudden cardiac death (102), hence the rationale to also stratify subjects by the lowest 1,25dihydroxy vitamin D quartile in the present study. Moreover, recent studies of healthy adults
have shown that lower 25-hydroxy vitamin D were independently associated with an
increased risk of SCD (103, 113), suggesting that vitamin D status is important even in
populations without established pathologies.
Vitamin D and Cardiac Autonomic Activity
Our results suggest that low serum levels of vitamin D may be associated with a
decline in cardioprotective vagal tone in response to an acute vascular stressor, largely
through the action of the active 1,25-dihydroxy vitamin D metabolite. Active 1,25-dihydroxy
vitamin D has been identified in some mammalian studies as having the potential to
influence cardiac autonomic activity (74, 114, 115). These studies demonstrate that cardiac
myocytes isolated from vitamin D receptor knockout mice display accelerated rates of
contraction as compared with wild type. Further, exposure to 1,25-dihydroxy vitamin D
directly attenuated this rapid contractility in the wild-type but not the knockout cardiac
myocyte (115), suggesting a relationship between 1,25-dihydroxy vitamin D and vagal
inhibitory outflow. Moreover, activated vitamin D is thought to have the ability to diffuse
across the blood-brain barrier, implicating a role for 1,25-dihydroxy vitamin D in
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augmenting autonomic vagal control by binding directly to nuclear vitamin D receptors in
the adrenergic neurons located centrally in the spinal cord and brain tissue (74, 114).
In support of our novel observations in healthy humans, patients with chronic kidney
disease (CKD) demonstrate chronic RAS hyperactivity (116, 117) as well as altered cardiac
autonomic activity defined primarily by extreme vagal insufficiency (33). This same
population has a diminished capacity to convert 25-hydroxy vitamin D to 1,25-dihydroxy
vitamin D due to decreased renal 1-α hydroxylase capacity (1), however CV risk in this
population is abolished following treatment with exogenous 1,25-dihydroxy vitamin D
supplementation (39). Moreover, a recent study by Kendrick et al. demonstrates that both CV
death and time to initiation of dialysis in individuals with advanced stages of CKD are
independently associated with serum 1,25-dihydroxy vitamin D levels. The authors did not
find these associations when stratifying subjects by 25-hydroxy vitamin D status (118). As
such, the withdrawal of vagal tone observed in low 1,25-dihydroxy vitamin D subjects
during AngII challenge may mimic the loss of vagal tone that has been noted in the endstage renal disease population (33). These patients are characterized by severe vitamin D
deficiency (1) – particularly low serum concentrations of 1,25-dihydroxy vitamin D due to
compromised 1-alpha hydroxylase activity housed within the functional renal tissue – as well
as chronically upregulated RAS activity.
Further, dysfunction of cardiac autonomic tone, specifically vagal tone, has been
shown to be predictive of sudden cardiac death (30, 65, 104, 106). Wolf and colleagues have
demonstrated a survival advantage and specifically a decrease in cardiovascular death in
hemodialysis patients taking 1,25-dihydroxy vitamin D supplementation irrespective of 25hydroxy vitamin D level (39). These observations support our findings which suggest that
the activated 1,25-dihydroxy vitamin D metabolite may be capable of altering cardiac
autonomic tone in individuals experiencing upregulation of the RAS and that low 1,25dihydroxy vitamin D levels contribute to the loss of vagal outflow, and therefore high CV
risk, observed in these populations.
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Challenges and Limitations
In humans, vitamin D is part of a complex mineral metabolism involving
additional measures that have been shown to influence CV risk, including PTH, phosphate,
and calcium (119). While PTH levels were significantly elevated in the 25-hydroxy vitamin
D deficient group, PTH and other mineral metabolism variables were within narrow, healthy
ranges. Further, our study was performed over different seasons, however season of study
was not found to be correlated to vitamin D levels. Salt intake has been shown to influence
cardiac ANS activity (120), however all subjects were in high-salt balance to ensure a
maximal suppression of basal RAS levels, allowing for meaningful comparisons between
subjects and direct observation of the impact of exogenous AngII infusion on cardiac
autonomic activity. We found that allocation to the 25-hydroxy vitamin D deficiency group
was not correlated with allocation to the low 1,25-dihydroxy vitamin D group, a finding that
is consistent with previous reports suggesting that the potential influences of individual
dietary calcium consumption, PTH levels, or individual 1-α hydroxylase capacity may have
play a role in determining an individual’s 25-hydroxy and 1,25-dihydroxy vitamin D levels
(1, 119). Next, our results appeared most significant in response to the first graded dose of
AngII, perhaps representing a threshold effect that persisted through the second dose. Lastly,
while we cannot comment on the role of vitamin D supplementation in improving cardiac
responses to AngII challenge or other stressors, our study adds to the growing body of
literature supporting a link between vitamin D metabolite levels and overall CV outcomes.
Implications

To our knowledge, there have been no previous studies investigating the
potential link between vitamin D metabolites and modulation of the cardiac ANS. Our study
illustrates a unique relationship between low 25-hydroxy vitamin D levels and depressed
baseline cardiac autonomic activity as well as low 1,25-dihydroxy vitamin D and
unfavourable cardiosympathovagal shifts during acute AngII challenge, which allows for
unique insight into a pathophysiological mechanism that may be acting to elevate CV risk in
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particularly in renal populations with chronic upregulation of the RAS as well as impaired 1α hydroxylase activity (38, 39, 74, 112 – 118). While larger studies involving
supplementation are required, dysregulation of vitamin D metabolism remains a potentially
treatable condition that warrants further investigation in high-risk populations.
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CHAPTER 5: VITAMIN D SUPPLEMENTATION AND CARDIAC AUTONOMIC
TONE IN HEALTHY HUMANS

Mann MC, Exner DV, Hemmelgarn BR, Turin TC, Sola DY, Ellis L, Ahmed SB. Vitamin D
supplementation is associated with improved modulation of cardiac autonomic tone in healthy
humans. Int J Cardiol (Brief Communication). 2014; 172(3): 506-508.
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Vitamin D deficiency is associated with an increased risk of cardiovascular events (38,
103). In particular, deficiency in both 25hydroxyvitamin D, the barometer of vitamin D status,
and 1,25dihydroxyvitamin D, the activated form of vitamin D, are each associated with an
increased risk of sudden arrhythmic death (38, 102, 103). The assessment of heart rate
variability (HRV), particularly its vagal component, is strongly linked to the development of
serious cardiovascular events, including sudden death (104). It is well recognized that impaired
autonomic tone is central in the development sudden arrhythmic death and that dynamic changes
in autonomic tone appear central in the cascade of events common to the development of a
cardiac arrest (139).
While the impact of supplementation with the activated form of vitamin D had been
found to not alter cardiac structure (71), its impact on other surrogate measures of
cardiovascular risk, notably cardiac sympathovagal balance, has not been assessed. We sought
to determine the effect of vitamin D3 supplementation on autonomic tone at baseline and in
response to a stressor in healthy humans.
Thirteen healthy subjects (10 premenopausal females, 3 males) with vitamin D
insufficiency (10), were enrolled and underwent a detailed history and physical examination.
Women were studied 14d after the first day of the last menstrual period. The study was
approved by the University of Calgary Conjoint Health Research Ethics Board. All subjects
provided written informed consent. Subjects were studied in high-salt balance. Each study
commenced at 0800h following an overnight fast, with subjects lying supine in a quiet,
temperature-controlled room. After a 90 min equilibration period, subjects underwent a graded
AngII infusion (3ng/kg/minx30min, 6ng/kg/minx30min).
Ambulatory electrocardiogram (ECG) data were collected throughout the study with a
commercially available Holter monitor (GE Healthcare SEER MC recorder; Milwaukee, USA).
ECG recordings were analyzed by power spectral analysis according to standard methods and
guidelines (GE Healthcare, MARS, version 7) to quantify HRV parameters representative of
autonomic tone. Cardiac sympathetic autonomic nervous system contribution was represented by
the natural logarithm of activity within the low-frequency (LF) range of 0.04–0.15Hz, and vagal
contribution was represented by activity within the high-frequency (HF) range of 0.15– 0.40Hz,
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both of which were then converted to normalized units to account for changes in total autonomic
power.
After the initial study day, subjects ingested vitamin D3 5,000IU (n=11) or 10,000IU
(n=2) daily for 28d, following which they underwent an identical study day. The primary
outcome was the effect of vitamin D3 supplementation on the LF:HF ratio, representing total
cardiac sympathovagal balance.
Values are presented as mean±standard error. Non-parametric methods were used to
compare baseline and response measures within each subject, both pre-and post- vitamin D3
supplementation. Statistical analyses were performed using SPSS (version 19; IBM), with 2tailed significance levels of 0.05.
25-hydroxyvitamin D levels increased to sufficient levels in all subjects (33±3y, baseline
25hydroxyvitamin D 55±5nmol/L) post-supplementation (100±5nmol/L, p<0.001 vs. baseline).
Pre-supplementation, subjects displayed an unfavourable shift in sympathovagal balance (LF:HF
2.4±0.5, p=0.02 vs. baseline) in response to AngII (Figure 5.1).
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Figure 5.1. Cardiosympathovagal response to angiotensin II challenge: pre- vs. postvitamin D supplementation

In contrast, subjects maintained sympathovagal balance in response to AngII (LF:HF
1.9±0.09, p=0.8 vs. baseline) post- vitamin D3 supplementation, largely driven by an increase in
the cardioprotective vagal (HF) response to the lower AngII dose (p<0.05 pre- vs. postsupplementation response). No differences in the LF:HF ratio to the higher AngII dose was
observed pre- vs. post-supplementation. No differences were observed in blood pressure
measures pre- and post- vitamin D3 supplementation.

To our knowledge, this is the first study investigating the association of vitamin D3
supplementation on cardiac autonomic tone, a potentially modifiable target for risk of sudden
arrhythmic death, in humans (38, 103). Pre-vitamin D3 supplementation, subjects demonstrated
an unfavourable increase in sympathovagal balance in response to an acute physiological
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stressor, whereas post-vitamin D3 supplementation, cardiac autonomic tone was maintained in
response to the same stressor, largely driven by restoration of cardioprotective vagal input. These
novel findings suggest a mechanism by which vitamin D3 supplementation may improve cardiac
autonomic function, and potentially decrease cardiovascular and risk of sudden arrhythmic death
in populations with decreased cardiovagal input and upregulated RAS activity (38, 103).
Hypovitaminosis D is increasingly associated with poor cardiovascular outcomes (38,
103), particularly in populations with decreased 1,25dihydroxyvitamin D activity. In a study of
over 3000 subjects receiving coronary angiography, subjects in the lowest quartiles of
25hydroxyvitamin D (<35nmol/L) or 1,25dihydroxyvitamin D (<51nmol/L) were at increased
risk of sudden arrhythmic death relative to other subjects (102). Furthermore, low
25hydroxyvitamin D serum concentrations have been associated with risk of sudden arrhythmic
death in adults with or without a history of cardiovascular complications (38, 103), suggesting
that hypovitaminosis D and the corresponding cardiovascular risk applies across populations
with varying health status.
Animal studies support the present findings suggesting an improvement in the ability of
the heart to withstand an acute stressor post-vitamin D supplementation. Rats fed a vitamin Ddeficient diet demonstrated markedly enhanced ventricular and vascular muscle contractile
function with increased sensitivity to norepinephrine, the principal sympathetic neurotransmitter,
compared to controls (140). Vitamin D3 supplementation normalized the relaxant and
hyperpolarizing effects of acetylcholine, the effector neurotransmitter of the vagal system, in
spontaneously hypertensive rat arteries (141), suggesting a mechanism by which vitamin D
supplementation in humans may help maintain cardiac autonomic tone in response to an acute
stressor. Cardiac myocytes isolated from vitamin D receptor knockout mice showed accelerated
rates of contraction and relaxation compared with wild type and 1,25dihydroxyvitamin D
directly affected contractility in the wild-type but not the knockout cardiac myocyte (115). As
such, the findings of the present study suggesting an improvement of the cardioprotective vagal
response to an acute stressor are supported by the literature, as vitamin D appears to be an
important hormone involved in modulating and maintaining heart cell structure and function.
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In summary, our results suggest that vitamin D3 supplementation improves cardiac
autonomic tone in response to an acute stressor in healthy humans. While larger, prospective
studies are required to determine the effect of vitamin D supplementation on clinical outcomes,
optimizing vitamin D levels remains an exciting potential therapeutic target for those populations
at high risk of cardiovascular mortality.
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CHAPTER 6: VITAMIN D SUPPLEMENTATION AND CARDIAC AUTONOMIC
TONE IN HUMANS WITH IGA NEPHROPATHY
Mann MC, Exner DV, Hemmelgarn BR, Hanley DA, Turin TC, Wheeler DC, Sola DY, Ellis L,
Ahmed SB. Vitamin D supplementation is associated with stabilization of cardiac autonomic tone
in IgA nephropathy. Hypertension; 2015: epub ahead of print.
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Abstract

Vitamin D deficiency and cardiovascular autonomic dysfunction, both associated with
cardiovascular risk, are common in kidney disease. Vitamin D supplementation is associated
with normalization in cardiac autonomic tone in healthy humans, though this relationship in the
setting of kidney disease is unknown. 15 subjects (87% male, 41±4yrs) with IgA nephropathy
(eGFR: 101±7ml/min/1.73m2; proteinuria: 1.03±0.3g/day) were studied pre- and post-28 days of
vitamin D3 supplementation (10,000IU/day). Cardiac autonomic tone, quantified by spectral
analysis of heart rate variability [low-frequency power (LF), high-frequency power (HF), and
overall cardiosympathovagal balance (LF:HF)], was measured at baseline and in response to a
graded angiotensin II challenge pre- and post-vitamin D3 supplementation. 25-hydroxy vitamin D
levels significantly increased (63±7 vs 136±12nmol/L, p<0.001) with supplementation, while
1,25dihydroxyvitamin D did not (107±9 vs 126±13pmol/L, p=0.14). Compared to presupplementation, vitamin D3 supplementation was associated with stabilization of the
cardiosympathovagal response to angiotensin II. (∆LF:HF: 3ng/kg/min AngII, -0.21±0.14,
p=0.04; 6ng/kg/min AngII, -0.21±0.11, p=0.03; recovery, -0.14±0.07, p=0.03 vs. presupplementation response), particularly in subjects with high levels of 1,25-dihydroxy vitamin D.
Vitamin D3 supplementation is associated with stabilization of the cardiac autonomic tone in IgA
nephropathy.
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Vitamin D deficiency appears to be a risk factor for cardiovascular (CV) disease (1, 122).
Deficiency in both 25-hydroxy vitamin D, the barometer of vitamin D status, and the more
biologically active 1,25-dihydroxy vitamin D have been associated with increased risk of CV
mortality and sudden cardiac death (SCD) (102, 103), particularly in the chronic kidney disease
(CKD) population (38, 39). Animal (9, 40) and human studies (38, 39, 42, 103) have suggested
that vitamin D supplementation may alter SCD risk by influencing activity of the cardiac
autonomic nervous system, though this phenomena has not been studied in the CKD population.
Assessment of heart rate variability, including derivations of cardiac autonomic tone
(CAT), provides predictive measures of cardiovascular risk (128), namely through quantification
of the electrical output of the sympathetic and cardioprotective parasympathetic (vagal) limbs of
the cardiac autonomic nervous system (ANS) (128, 129). High CV-risk populations, including
those with CKD, demonstrate abnormal CAT measurements (36). Most notably, CKD patients
show a marked withdrawal of vagal tone, a strong indicator of loss of cardioprotective control
and a risk factor for sudden cardiac death (33). Alterations in CAT are attenuated by reninangiotensin system (RAS)-interrupting medications such as angiotensin-converting enzyme
inhibitors (130). Given that vitamin D is a negative endocrine regulator of the RAS (10), and
based on our observations that low vitamin D levels in healthy human are associated with
unfavourable alterations in CAT in response to angiotensin II (AngII) (131) which are then
ameliorated following 4 weeks of oral vitamin D3 (cholecalciferol) treatment (42), we sought to
determine whether oral vitamin D3 supplementation was associated with a similar improvement
in CAT in humans with IgA nephropathy.
Baseline characteristics are summarized in Table 6.1. The majority of subjects were male,
non-obese, and Caucasian with class 1-2 CKD, controlled blood pressure, and slightly elevated
urinary protein excretion. Vitamin D3 supplementation significantly increased 25hydroxyvitamin D levels, but did not alter mineral metabolism parameters, or circulating RAS
components. Levels of 1,25-dihydroxyvitamin D rose slightly with vitamin D supplementation,
but this change did not meet significance criteria.
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Table 6.2 outlines measures of cardiac autonomic tone, BP, RAS activity, and baroreflex
sensitivity (BRS) at baseline and in response to graded AngII challenge, pre-and post-vitamin D3
supplementation. Pre-supplementation, cardiosympathovagal balance (LF:HF) fluctuated in
response to AngII and during recovery (Figure 6.1). In comparison, post-vitamin D3
supplementation, subjects displayed significantly decreased cardiosympathovagal balance in
response to graded AngII infusions and during recovery (∆LF:HF: 3ng/kg/min AngII, 0.21±0.14, p=0.04; 6ng/kg/min AngII, -0.21±0.11, p=0.03; recovery, -0.14±0.07, p=0.03 vs. presupplementation response) (Figure 6.1), largely due to a reduction in cardiac sympathetic activity
(low-frequency, LF), most notably during recovery (∆LF nu: recovery, p=0.014 vs. presupplementation response). BP and circulating RAS components responded to AngII as
expected, though no differences in any parameters were observed pre- and post-vitamin D3
supplementation.
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Table 6.1. Baseline characteristics of IgA nephropathy subjects, pre- and post- vitamin D

Pre-supplementation
(n=15)
Age (yrs)

Post-supplementation
(n=15)

p-value

41 ± 4

Caucasian (%)

10 (67%)

Female (%)

2 (13%)

BMI (kg/m2)

29 ± 1

25-hydroxy
vitamin D (∆)
(nmol/L)

63 ± 7

136 ± 12 (73 ± 7)

< 0.001

1,25-dihydroxy
vitamin D (∆)
(pg/ml)

107 ± 9

126 ± 13 (19 ± 12)

0.14

Serum calcium
(mmol/L)

2.3 ± 0.02

2.3 ± 0.02

0.93

Serum phosphate
(mmol/L)

0.97 ± 0.05

0.96 ± 0.08

0.91

46 ± 4

44 ± 4

0.75

HDL (mmol/L)

1.2 ± 0.06

1.2 ± 1.0

0.72

LDL (mmol/L)

2.8 ± 0.2

2.7 ± 0.2

0.44

Fasting glucose
(nmol/L)

4.5 ± 0.1

4.6 ± 0.1

0.16

NE (nmol/L)

2.3 ± 0.4

1.9 ± 0.5

0.78

PTH (ng/L)
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Epi (pmol/L)

70.9 ± 6.7

82.4 ± 12.4

0.47

Urinary sodium
(mmol/day)

310 ± 22

324 ± 29

0.70

Urinary protein
(g/day)

1.03 ± 0.3

1.08 ± 0.3

0.50

eGFR
(ml/min/1.73m2)

101 ± 6.9

96 ± 6.2

0.20

BMI, body mass index; PTH, parathyroid hormone; HDL, high-density lipoprotein
(cholesterol); LDL, low-density lipoprotein (cholesterol), NE, norepinephrine; Epi,
epinephrine; eGFR, estimated glomerular filtration rate.
All data are expressed as mean ± SE
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Table 6.2. Cardiac autonomic tone at baseline and in response to angiotensin II in IgA
subjects, pre- vs. post- vitamin D supplementation
Baseline

3ng/kg/min

6ng/kg/min

Recovery

64 ± 3

66 ± 4

68 ± 4

69 ± 3

61 ± 2

65 ± 3

66 ± 4

64 ± 3

6.54 ± 0.3

7.05 ± 0.3

6.70 ± 0.3

6.80 ± 0.3

7.06 ± 0.2

7.12 ± 0.2

6.87 ± 0.2

6.88 ± 0.2

63 ± 5

69 ± 5

63 ± 3

63 ± 3

66 ± 4

65 ± 3

65 ± 4

64 ± 4

6.19 ± 0.5

6.03 ± 0.3

5.97 ± 0.3

5.98 ± 0.4

8.79 ± 0.2†

6.48 ± 0.3

6.35 ± 0.2

6.41 ± 0.3

27 ± 4

32 ± 5

32 ± 3*

32 ± 4

32 ± 4

35 ± 3

37 ± 3*

34 ± 4

1.61 ± 0.2

1.72 ± 0.1*

1.51 ± 0.1^

1.65 ± 0.2^

1.60 ± 0.2

1.39 ± 0.08*†

1.39 ± 0.09*^

1.51 ± 0.2^

124 ± 4

140 ± 5*

149 ± 5*

134 ± 4

126 ± 4

142 ± 5*

151 ± 6*

131± 5

Heart rate (bpm)
Pre-supplementation
Post-supplementation
LF (ln ms2)
Pre-supplementation
Post-supplementation
LF (nu)
Pre-supplementation
Post-supplementation
2

HF (ln ms )
Pre-supplementation
Post-supplementation
HF (nu)
Pre-supplementation
Post-supplementation
LF:HF
Pre-supplementation
Post-supplementation
SBP (mmHg)
Pre-supplementation
Post-supplementation
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DBP (mmHg)
Pre-supplementation
Post-supplementation

75 ± 3

86 ± 4

91 ± 3*

80 ± 3

75 ± 4

90 ± 4

93 ± 4

77 ± 4

0.51 ± 0.1

0.41 ± 0.2*

0.35 ± 0.1*^

0.36 ± 0.3*^

0.50 ± 0.2

0.45 ± 0.1*

0.35 ± 0.2*^

0.33 ± 0.2*^

150 ± 16

366 ± 36*

457 ± 44*^

298 ± 27*

158 ± 21

340 ± 45*

428 ± 61*^

288 ± 36*

4.53 ± 1.9

6.87 ± 2.3

6.44 ± 1.3

8.63 ± 1.2

10.5 ± 1.9

8.14 ± 2.6

7.08 ± 2.1

13.4 ± 4.9

PRA (pmol/L)
Pre-supplementation
Post-supplementation
Aldo (pmol/L)
Pre-supplementation
Post-supplementation
BRS (ms/mmHg)**
Pre-supplementation
Post-supplementation

TP; total power, VLF; very low frequency; LF, low-frequency; HF, high-frequency; LF:HF, lowto high-frequency ratio.
All data are expressed as mean ± SE and represent change from baseline
* p < 0.05 vs. response at baseline
^ p < 0.05 vs. response at 3ng/kg/min AngII
† p < 0.05 post- vs. pre-supplementation response at that same AngII dose
** subgroup analysis, n = 5
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Figure 6.1. Cardiac sympathovagal responses to angiotensin II challenge: pre- vs. post-vitamin D3
supplementation
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Secondary analyses with repeated measures ANOVA showed that intra-individual
differences in 1,25-dihydroxyvitamin D levels appeared to account for the observed divergence
in CAT responses over the three time points during and after AngII challenge (3ng/kg/min,
6ng/kg/min, recovery). Pre-supplementation, individuals with levels of 1,25-dihydroxy vitamin
D below the median value of 105pmol/L demonstrated a decline in vagal tone throughout AngII
challenge and recovery, whereas those with 1,25-dihydroxyvitamin D above 105pmol/L showed
a favourable and graded increase in cardioprotective vagal activity in response to increasing
doses of AngII throughout the study irrespective of 25-hydroxy vitamin D levels (Figure 6.2).
Following four weeks of oral vitamin D3 supplementation,1,25-dihydroxy vitamin D levels
above the post-supplementation median value (120pmol/L) remained strongly associated with
the same significant trend of steadily increasing vagal activity and resistance in response to
AngII challenge and recovery (HF nu: F=6.96, df=1, p=0.039) (Figure 6.2).
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Figure 6.2. Cardiac vagal responses to angiotensin II challenge in IgA subjects: pre- vs. postvitamin D3 supplementation
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Baroreflex sensitivity (BRS) was analyzed in a subgroup of subjects (n=5, 1 females and
4 males) as a secondary measure of vagal activity (129). Pre-supplementation, all 5 subjects
displayed low BRS sensitivity, comparable to post-myocardial infarction patients with a left
ejection fraction <40% (132) both at rest and in response to 3ng/kg/min and 6ng/kg/min AngII
challenge (Table 6.2). While not statistically significant, BRS sensitivity appeared to be
increased post-vitamin D3 supplementation as throughout AngII challenge, BRS followed the
same trend as the measured HF parameter.
To the best of our knowledge, this is the first study investigating the impact of oral
vitamin D supplementation on CAT, a potentially modifiable marker of CV risk, in humans with
CKD. Our key findings were as follows: a) vitamin D supplementation was associated with
favourable changes in cardiosympathovagal activity during and after a physiological stressor in
subjects with IgA nephropathy and early CKD, and b) 1,25-dihydroxy, rather than 25
hydroxyvitamin D, levels were associated with a graded increase in cardioprotective vagal
activity in response to increasing doses of AngII. A decrease in vagal activity contributes to SCD
risk (133) and previous studies have suggested that 1,25 dihydroxyvitamin D may be the most
robust marker of CV risk in the CKD population (38, 39). Together with our present findings,
these observations suggest that vitamin D supplementation, with the specific goal of increasing
1,25-dihydroxyvitamin D levels and cardiovagal activity, may be a potential preventive CV
therapy in this high-risk population.
Vitamin D deficiency has been associated with poor CV outcomes (1, 38, 39, 102, 103,
112), particularly in CKD populations in whom decreased 1,25-dihydroxy vitamin D is common
due to reduced kidney function (9, 40, 112, 134, 135). Previous studies have suggested that
vitamin D, and specifically 1,25 dihydroxyvitamin D, impacts the cardiac autonomic system in
several ways, including enhancement of electrophysiological β-adrenergic signaling between
cardiac myocytes (40). 1,25-dihydroxy vitamin D crosses the blood-brain barrier and therefore
has physiological implications at the molecular level within the nervous system (9, 41).
Furthermore, animal models that shown that areas of the brain from which neurons in the cardiac
ANS originate possess a high concentration of vitamin D receptors (9), suggesting a close
physiological link between the metabolic actions of vitamin D and control of the nervous system.
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In support of our findings, a large cross-sectional study of end-stage kidney disease patients on
hemodialysis reported a positive association between 25-hydroxyvitamin D levels and all-cause
and CV mortality, but that this relationship was no longer observed in patients treated with
analogues of 1,25-dihydroxy vitamin D (39), suggesting that cardioprotection is mediated by the
activated form of vitamin D. Similarly, Dobnig et al. reported that serum levels of 1,25dihydroxy vitamin D were independently associated with CV-mortality in a large cohort of
patients undergoing coronary angiogram (102). Our observations of an increase in
cardioprotective vagal activity in response to AngII challenge observed only in those subjects
with higher levels of 1,25-dihydroxy vitamin D support the findings from these larger studies.
Interestingly, Krause et al. have followed up with similar study assessing the effects of UVB
heliotherapy on autonomic tone in hemodialysis patients, and have drawn similar conclusions
regarding the apparent relationship between increased activated vitamin D levels and enhanced
heart rate variability (73).
This study has limitations. In humans, vitamin D is part of a complex mineral metabolism
which includes additional measures that have been shown to influence CV risk, including PTH,
phosphate, and calcium (119). Inclusion of these variables did not significantly affect our results,
perhaps due to the narrow and clinically insignificant ranges which we observed. While 1,25dihydroxy vitamin D has a short t½, all serum analyses were conducted at the same central
laboratory thus ensuring the highest accuracy and eliminating intra-assay variability (136). Salt
intake has been shown to influence cardiac ANS activity (120). However, all subjects were
counselled to consume a typical Western high-salt diet to effectively suppress activity of the
RAS (108) and allow for meaningful comparisons between intra-individual study days.

To our knowledge, this is the first study evaluating the effects of vitamin D3
supplementation on CAT in the setting of CKD. We have shown that humans with IgAN and
early CKD, but who are otherwise healthy, demonstrate more stable and favourable CAT
responses to an acute physiological stressor following oral vitamin D3 supplementation, a
phenomenon primarily observed in subjects with greater levels of 1,25-dihydroxy vitamin D.
While current trials evaluating the role of vitamin D supplementation are largely limited to
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biochemical endpoints (70, 137), the potential for activated vitamin D as a therapy in mitigating
CV- and SCD risk in the CKD population merits attention.

Supplementary methods
Subjects
Fifteen (2 females, 13 males) non-smoking subjects with biopsy-proven or nephrologistpresumed IgA were recruited to participate in this prospective pre-post- study and underwent a
detailed medical history and physical examination upon screening. Subjects were healthy with
controlled blood pressure and none of the female subjects were users of oral contraceptives. Any
RAS-interfering medication was substituted with amlodipine, a calcium-channel blocker, for two
weeks prior to each study day as this medication has been shown not to significantly alter CAT
(138). Study dates were recorded to account for potential seasonal variation in vitamin D levels.
This study protocol was approved by the Conjoint Health Research Ethics Board at the
University of Calgary. Written informed consent was obtained from all subjects in accordance
with the Declaration of Helsinki.
Study protocol
The study period included two study visits four weeks apart, on day 1 and day 28 (preand post-vitamin D supplementation, respectively). All subjects were counselled to adhere to a
diet that maintained their normal daily caloric intake, while maintaining a high-salt state (>150
mmol Na+/day) for 3 days prior to each study day.
Each study day commenced at 0800h following an overnight fast, with subjects lying
supine in a quiet, temperature-controlled room. An 18-gauge peripheral venous cannula was
inserted into each antecubital vein for infusions and blood sampling. Blood pressure (BP) was
monitored by automated sphygmomanometer (GE Healthcare, Dinamap) at 15min intervals.
After a 90min resting period, Ang II was infused in a graded fashion (3ng/kg/min x 30min,
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6ng/kg/min x 30min AngII), followed by a 30min recovery period. Following the initial study
day, a study nurse supplied each subject with oral vitamin D3 (cholecalciferol) tablets, of which
10,000IU/day was consumed for 28 consecutive days. Following the 28d supplementation
period, subjects returned to the lab to repeat an identical graded AngII challenge.
Measurement of cardiac autonomic tone
Electrocardiogram (ECG) data were collected while subjects were supine and during
spontaneous, natural breathing with a 3-lead ambulatory Holter monitor (GE Healthcare;
Milwaukee, USA) at a sampling frequency of 125 Hz. ECG data was collected continuously
throughout the duration of the study period (baseline, 3ng/kg/min AngII, 6ng/kg/min AngII).
ECG tracings were screened by a qualified technician for artefacts and irregular QRS
complexes and all abnormal rhythms were excluded from analysis. Power spectral density
analysis was conducted to include rhythms with activity within the bandwidth frequency of
0.003 – 1.7 Hz (MARS v. 7; GE Healthcare; Milwaukee, USA). Absolute values of cardiac
autonomic activity (in milliseconds) in the total power (TP), very-low frequency (VLF, 0.0030.04 Hz), low-frequency (LF, 0.04-0.15 Hz) and high-frequency (HF, 0.15-0.4 Hz) bands
were recorded. Both absolute LF and HF parameters were then squared and log-transformed
(ln ms2) as well as converted to normalized units (nu) to adjust for changes in heart rate
variability below the VLF bandwidth. Overall cardiosympathovagal balance (LF:HF) was
derived automatically within the MARS software by comparing the LF/LF+HF and
HF/HF+LF ratios. Baroreflex sensitivity was also calculated to assess vagal activity in a
subgroup of subjects (n=6) by calculating the slope (regression coefficient) of changes in RR
interval plotted against corresponding changes in systolic blood pressure within a 1 minute
period preceding time points 0, 30, 60, and 90 of the angiotensin II challenge.

Analytical Methods

Serum 25-hydroxy vitamin D3 and parathyroid hormone (PTH) serum levels were
quantified using chemiluminescence immunoassay techniques (Liaison 25-hydroxy vitamin D
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Total Assay and Liaison N-TACT PTH, DiaSorin Clinical Assays; Stillwater, Minnesota, USA).
1,25-dihydroxy vitamin D serum levels were determined by a two-step assay involving
extraction and purification of vitamin D metabolites, followed by a competitive
radioimmunoassay procedure using antibodies specific for both 1,25-dihydroxy vitamin D2 and
1, 25-dihydroxy vitamin D3 (1, 25-dihidroxy vitamin D 125I RIA kit, DiaSorin Clinical Assays;
Stillwater, Minnesota, USA). Plasma renin activity (PRA) was determined by the quantification
of plasma angiotensin I (AngI), the primary product of PRA, by radioimmunoassay (PRA 125I,
DiaSorin Clinical Assays; Stillwater, Minnesota, USA). AngII levels were measured by
immunoassay (Quest Diagnostics; San Juan Capistrano, California, USA). Aldosterone levels
were determined by radioimmunoassay (Aldosterone Coat-a-Count Kit, Intermedico; Markham,
Canada). Serum creatinine and cholesterol were quantified by enzymatic colorimetric assay
(Roche/Hitachi Creatinine Plus, CHOD-PAP, HDL-C Plus, and Triglycerides GPO-PAP Kits,
Roche Diagnostics; Indianapolis, USA).

Statistical Analysis

The primary outcome was to assess changes in cardiosympathovagal balance (∆LF:HF)
from baseline in response to graded AngII challenge, before and after vitamin D3
supplementation. Values are presented as mean±standard error (SE) unless otherwise indicated.
CAT differences between pre- and post-vitamin D3 supplementation at specific time points were
tested using non-parametric t-test. Repeated measures analysis of variance was utilized to assess
whether 25 hydroxy- and 1,25 dihydroxyvitamin D levels on each study day were significant
factors in association with differences in CAT responses to AngII challenge between subjects.
Changes in 25 hydroxy- and 1,25 dihydroxyvitamin D levels from pre- to post-vitamin D3
supplementation study days were assessed independently and together as a multiplicative
variable to determine the magnitude of the association between the individual vitamin D
responses to supplementation and changes in AngII challenge responses within each subject.
Greenhouse-Geisser corrections were made where appropriate. Our model included the
following covariates; age, race, sex, baseline estimated glomerular filtration rate (GFR), and
baseline heart rate on study day. Based on the work of Kontonopolous et al. (130), a sample size
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of 15 was calculated in order to achieve 90% power to detect a 1 standard deviation increase in
baseline measures of HF before and after vitamin D supplementation. All statistical analyses
were performed using SPSS (version 19; IBM), with 2-tailed significance levels of 0.05.
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- VITAMIN D SUPPLEMENTATION AND CARDIAC AUTONOMIC TONE IN
HEMODIALYSIS: A BLINDED, RANDOMIZED TRIAL
Mann MC, Exner DV, Hemmelgarn BR, Hanley DA, Turin TC, MacRae JM, Ahmed SB. The
VITAH Trial: Vitamin D supplementation and cardiac autonomic tone in hemodialysis: A
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Abstract
Background: Patients with end-stage kidney disease (ESKD) have a high rate of mortality and
specifically an increased risk of sudden cardiac death (SCD). Impaired cardiac autonomic tone is
associated with elevated risk of SCD. Moreover, patients with ESKD are often vitamin D
deficient, which we have shown may be linked to autonomic dysfunction in humans. To date, it is
not known whether vitamin D supplementation normalizes cardiac autonomic function in the highrisk ESKD population. The VITamin D supplementation and cardiac Autonomic tone in
Hemodialysis (VITAH) randomized trial will determine whether intensive vitamin D
supplementation therapies improve cardiac autonomic tone to a greater extent than conventional
vitamin D supplementation regimens in ESKD patients requiring chronic hemodialysis.
Methods/Design: A total of 60 subjects with ESKD requiring thrice weekly chronic hemodialysis
will be enrolled in this 2x2 crossover, blinded, randomized controlled trial. Following a 4-week
washout period from any prior vitamin D therapy, subjects are randomized 1:1 to intensive versus
standard vitamin D therapy for 6 weeks, followed by a 12-week washout period, and finally the
remaining treatment arm for 6 weeks. Intensive vitamin D treatment includes alfacalcidiol
(activated vitamin D) 0.25mcg orally with each dialysis session combined with ergocalciferol
(nutritional vitamin D) 50 000 IU orally once per week and placebo the remaining two dialysis
days for 6 weeks. The standard vitamin D treatment includes alfacalcidiol 0.25mcg orally
combined with placebo each dialysis session per week for 6 weeks. Cardiac autonomic tone is
measured via 24h Holter monitor assessments on the first dialysis day of the week every 6 weeks
throughout the study period. The primary outcome is change in the low frequency: high frequency
heart rate variability (HRV) ratio during the first 12h of the Holter recording at 6 weeks versus
baseline. Secondary outcomes include additional measures of HRV. The safety of intensive
versus conventional vitamin D supplementation is also assessed.
Discussion: VITAH will determine whether an intensive vitamin D supplementation regimen will
improve cardiac autonomic tone compared to conventional vitamin D supplementation and will
assess the safety of these two supplementation regimens in ESKD patients receiving chronic
hemodialysis.
Trial Registration: ClinicalTrials.gov, NCT01774812
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Background
More than 40,000 Canadians live with end-stage kidney disease (ESKD)—roughly 1 out of
every 1,000 people, a number that has tripled over 20 years – and require life-sustaining dialysis or
transplantation (142). Patients with ESKD have a 20% annual mortality rate and an age-specific
cardiovascular death rate that is 10-100x higher than the general population (20). Sudden cardiac death
(SCD) accounts for more than a quarter of deaths in the hemodialysis population, making it the leading
cause of death (20). However, as is repeatedly reflected by negative trials evaluating the effects of
treatment of traditional cardiovascular disease risk factors in patients with ESKD (143 – 146), these
deaths are not associated with typical coronary artery disease, suggesting alternative mechanisms for
SCD in ESKD. As such, the pathophysiology of SCD in the ESKD population is complex and believed
to require the interaction between a transient event (i.e. intermittent hemodialysis) and underlying
substrate. This process induces electrical instability and ventricular arrhythmias followed by
hemodynamic collapse. Two factors specific to ESKD patients that have emerged as potential
contributors to this SCD-susceptible state are altered mineral metabolism, including vitamin D
deficiency, and impaired cardiac autonomic tone (28, 35, 65, 147).

Cardiac autonomic tone

Cardiac autonomic tone is derived from beat to beat measurements of the time intervals
between successive QRS intervals, specifically RR intervals. Measurement of HRV provides
direct insight into abnormalities of the autonomic nervous system, which consists of the
sympathetic nervous system (SNS) and the parasympathetic (vagal) nervous system (PNS) limbs
(23, 28, 32). HRV assesses the dynamic interaction and balance between the SNS and PNS at the
level of the heart, overall providing a measure of cardiac autonomic competence (23, 32). The a
priori main outcomes of interest are measures of the frequency domain as these parameters are
direct measures of cardiac autonomic tone (23) and are most commonly described in the ESKD
study population (33, 65, 148, 149). No one parameter of HRV has been established as superior
in regards to their predictive ability as surrogate markers for adverse cardiovascular events (28,
150 – 153).
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Decreased HRV is associated with an increased risk of arrhythmias and cardiac death in
both the general population (28) and patients with ESKD on dialysis (32, 33, 35, 147, 148).
Further, alterations in HRV occur more frequently in dialysis patients and corresponds with an
increased risk of SCD and cardiovascular mortality (147, 148). In a study of 30 ESKD patients,
53% had autonomic dysfunction, in which 40% was isolated to the vagal (PNS) limb and 13%
had combined sympathetic and vagal dysfunction (154). Similarly, HRV findings in a study of
239 hemodialysis patients demonstrated drastic sympathetic over-activity and vagal withdrawal
(33). Another study of 383 patients with ESKD on hemodialysis found that impaired cardiac
autonomic tone was independently associated with an increased risk of all-cause and
cardiovascular death after adjustment for traditional cardiovascular risk factors (35). Although
HRV is a surrogate measurement, it has been established as an important and validated, noninvasive measure of cardiovascular-related mortality risk in the ESKD population (23, 147, 154,
155). Consequently, interventions enhancing measures of HRV, and therefore influencing
cardiac autonomic control, could potentially have considerable survival benefits in the high-risk
ESKD patient population.

Vitamin D

There are multiple pharmacological analogues and formulations of vitamin D available
for clinical use (99, 156). To be effective in disorders resulting from vitamin D deficiency,
nutritional sources of vitamin D (cholecalciferol, vitamin D3; and ergocalciferol, vitamin D2) must
undergo two enzymatic hydroxylations: 1) in the liver to 25-hydroxyvitamin D (25OHD); 2) in the
kidney, 1α-hydroxylase converts 25OHD to the biologically active form of vitamin D, 1,25dihydroxycholecalciferol (calcitriol) or 1,25- dihydroxyergocalciferol (1, 155, 156). The liver
hydroxylation is largely substrate driven, but the kidney’s 1α-hydroxylase is very tightly regulated
by hormones (e.g. parathyroid hormone) and concentrations of calcium and phosphate ions (1,
155, 156). In the VITAH trial, we use the following terminology for the specific vitamin D
analogues; nutritional vitamin D therapy is provided in the form of ergocalciferol, and
alfacalcidiol, is provided as the active (activated) vitamin D derivative.
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In ESKD, progressive loss of functional kidney activity reduces the availability of 1αhydroxylase within the renal tissue, which in turn reduces 1,25-dihydroxyvitamin D3 production
(52). ESKD patients are also commonly deficient in 25OHD due to decreased nutritional intake
from intensive dietary restrictions, lack of sun exposure due to decreased mobility, and
dysregulated mineral metabolism (52).

In general, vitamin D deficiency is common and associated with worse cardiovascular
outcomes in both the healthy (113) and ESKD (39) populations. Furthermore, low vitamin D
levels are associated with increased risk of SCD in both non-ESKD (157) and ESKD patients (38,
158). In relation to cardiovascular pathophysiology, vitamin D has been shown to influence
cardiac contractility and myocardial calcium homeostasis in humans (159 – 162). Furthermore, a
small study of hemodialysis patients showed that treatment with activated vitamin D reduced the
QT interval on electrocardiography (163). Recently, we have not only shown that low vitamin D
levels are associated with vascular physiology that increases cardiovascular risk (164), but also
that poor vitamin D status is associated with an impaired ability to maintain cardiac autonomic
tone in response to endogenous angiotensin II in healthy humans (131), a hormone that is
chronically upregulated in the ESKD population. Furthermore, we have also demonstrated that
vitamin D supplementation is associated with normalization of autonomic tone in response to an
acute angiotensin II stressor in healthy subjects (42). As vagal activity is markedly reduced in
hemodialysis patients (33), it is possible that vitamin D supplementation could improve the
cardiac autonomic response to stressors such as hemodialysis. Regardless, the impact of vitamin D
therapy in the ESKD population, and on other surrogate clinical measures of cardiovascular risk
has not been assessed. In an observational study, serum 25OHD predicted total and
cardiovascular mortality in incident ESKD patients, but this association was abolished in patients
provided therapy with calcitriol or its active analogues (33). This novel observation suggests that
intensive vitamin D therapy inclusive of 1,25-dihydroxyvitamin D3 analogues as well as other
vitamin D derivatives may provide a more significant therapeutic and survival benefit within the
severely deficient ESKD population, and thus provides the basis for assessing the therapeutic role
of intensive and conventional vitamin D supplementation regimens in altering cardiac autonomic
tone, as in the VITAH trial.
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Evidence to date supports the safety profile of vitamin D therapy. Vitamin D deficiency
is the norm in hemodialysis patients and as such, vitamin D supplementation should result in
significant increase vitamin D levels. Secondly, given there is significant controversy regarding
the target 25-hydroxyvitamin D level in both the general and chronic kidney disease population
(14, 165), we aimed to determine the effect of delivered dose of vitamin D, rather than level of
vitamin D, on cardiac autonomic tone. Lastly, though there is significant practice variation, the
activated and nutritional vitamin D doses chosen for the study reflect those recommended in and
typically prescribed to the end-stage kidney disease population on hemodialysis (14).

Despite the high prevalence of vitamin D deficiency in ESKD, current guidelines
regarding correction of vitamin D status are widely acknowledged to be opinion-based and derived
from biochemical endpoints (14). The nutritional vitamin D product (ergocalciferol) and dose
proposed within this protocol is identical to that suggested by guidelines for treatment in the
ESKD population (14, 166). Furthermore, treatment with other nutritional forms of vitamin D3 at
a dose of 15,000 IU/day x 1 month (167) and 40,000 IU/day over 28 weeks, followed by 10,000
IU/day x 12 weeks (168) has been shown to be safe. A main clinical concern with activated
vitamin D supplementation in the ESKD population is hypercalcemia, hyperphosphatemia and
reduction in parathyroid hormone levels. This protocol employs the lowest possible dose of
activated vitamin D (alfacalcidiol) available to minimize significant fluctuations in these
biochemical values, though the relative importance of these changes remains unquantified within
the literature (81).

In summary, the evidence to guide treatment that may minimize SCD and cardiovascular
risk in ESKD is extremely limited. The VITamin D supplementation and cardiac Autonomic tone
in Hemodialysis (VITAH) study is the first clinical trial to assess whether various vitamin D
therapies, specifically ingestion of the combination of activated and nutritional vitamin D
compared to activated vitamin D alone, influence cardiac autonomic tone and therefore
cardiovascular risk in ESKD patients requiring hemodialysis.
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Methods
Study aims

The primary aim of the VITAH trial is to determine whether 6 weeks of intensive vitamin
D supplementation, consisting of alfacalcidiol 0.25mcg orally at every dialysis session combined
with ergocalciferol 50,000 IU orally once per week and placebo the remaining 2 weekly dialysis
sessions, will influence HRV assessment of cardiac autonomic tone, compared to 6 weeks of
conventional therapy with alfacalcidiol 0.25mcg and placebo orally at every dialysis session. The
secondary aim is to determine whether this intensive vitamin D supplementation influences or
modulates independent activity of the sympathetic and vagal limbs of the cardiac autonomic
nervous system compared to the conventional alfacalcidiol regimen.

We hypothesize that vitamin D supplementation will increase all cardiac autonomic
parameters, but that the vitamin D treatment will specifically have the greatest impact on vagal
tone. We hypothesize that cardiosympathovagal balance will decrease after vitamin D therapy due
to the fact that any increase in cardiosympathetic tone will be offset by a larger increase in
cardiovagal tone.

Study design and setting

The VITAH Trial is a 2x2 cross-over, randomized-controlled trial with blinding of
subjects, investigators, health care providers, as well as all study coordinators and data analysts.
Hemodialysis outpatients from the Southern Alberta Renal Program will be randomized to one of
two treatment sequence arms; 6 weeks of intensive vitamin D therapy (0.25mcg alfacalcidiol at
each dialysis session plus 50,000 IU of ergocalciferol once per week and placebo the remaining
two weekly dialysis days), followed by a 12 week washout, and 6 weeks of conventional vitamin
D therapy (0.25mcg alfacalcidiol plus placebo at each dialysis session), or vice versa. Twenty-four
hour Holter ECG monitors are applied within the first hour of the first weekly dialysis run at
baseline and every 6 weeks throughout the entire 24-week duration of the trial (Figure 7.1).
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Figure 7.1. Overview of the VITAH trial
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Ethical considerations
Ethical approval has been obtained from the Conjoint Health Research Ethics Board
(Project ID: E-24846) at the University of Calgary as well as Health Canada (UC-NEPH-2012001)
for all study sites involved in the trial. Two external bodies, a Data Safety Monitoring Board and a
Trial Steering Committee, will monitor study progress.

Study Interventions
The study protocol will not impact on uremia clearance given that the dialysis prescription
will remain constant. Subject recruitment began in January 2013 and will continue until 2016.
The intervention is the vitamin D therapy sequence, including 6 weeks of intensive therapy and 6
week of conventional vitamin D therapy, or vice versa (Figure 7.1). Given that the current clinical
standard of care is use of activated vitamin D in the ESKD population (14), a placebo arm is not
included. Upon recruitment, participants who are prescribed any form of vitamin D (either
nutritional or active) at that time will cease to take the medication for 4 weeks, a valid washout
period employed by the PRIMO trial, a randomized controlled trial examining the effects of
activated vitamin D on cardiac structure in subjects with non-dialysis dependent kidney disease
(71). Participants who are not on any form of vitamin D at the time of enrolment will be
randomized to one of the two treatment sequences immediately. All participants will be
randomized to Treatment Sequence 1 or Treatment Sequence 2, such that each participant will
ingest both vitamin D therapy regimens in a randomized, blinded, placebo-controlled crossover
design and thus act as his/her own control. A 12 week washout period was chosen between each 6
week vitamin D treatment block to ensure that there are no carryover effects from either study
period as the t1/2 for alfacalcidiol is approximately 4 hours, and the t1/2 for ergocalciferol is 19-48
hours (1, 156).
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Identification of eligible subjects

Eligible subjects are stable, thrice weekly hemodialysis outpatients within the Southern
Alberta Renal Program in Calgary, Alberta. Inclusion and exclusion criteria are outlined in Table
7.1. All patients in the Southern Alberta Renal Program hemodialysis units will be reviewed.
Individuals who meet inclusion criteria will be identified by nephrologists or study investigators.
After clearance from the individual’s primary nephrologist, the name will be forwarded to the
study coordinators and recorded in recruitment logs. Informed written consent will be obtained
from the participant, power of attorney or legal substitute decision-maker. Once eligibility is
confirmed by reviewing the chart or from participant interview, baseline clinical (i.e. ESKD
etiology, comorbidities, cardiovascular history, dialysis prescription and adequacy details),
demographic and medication data will be obtained. Subjects will be randomized 1:1 to one of the
two treatment sequences.

Table 7.1 VITAH trial inclusion and exclusion criteria
Inclusion criteria
•

Age > 18 years

•

Thrice weekly hemodialysis outpatient
within the Southern Alberta Renal
Program

•
•

•

Exclusion criteria
•

Any major cardiovascular event within
the last 6 months prior to enrolment
(this includes, but is not limited to, new
onset arrhythmia, hospitalization for a
cardiovascular complication)

Physician consent to participate

•

Ability and agreement to cease any
prior vitamin D medication for four (4)
weeks prior to initiation of the study

Refusal to cease vitamin D therapy for
four (4) weeks prior to initiation of the
study

•

Palliative status or metastatic
malignancy

•

Known or anticipated upcoming change
in dialysis modality including transfer
to peritoneal dialysis, kidney transplant,
or change in current hemodialysis
schedule/duration

Ability to comprehend study protocol
and provide oral and written consent in
English (native language or translated)
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Randomization and blinding

Subject identification codes and corresponding treatment schedules, consisting of two
treatment sequences randomized in small random block sizes, were developed by an independent
biostatistician at the University of Calgary prior to initiation of the trial. Following informed
consent, patients will be given the next available subject identification code and are then
randomized to one of the two treatment sequences. The University of Calgary Research Pharmacy
is the sole entity that holds the randomization list, and will prepare and dispense blister packs of
the appropriate vitamin D supplementation for distribution to each subject accordingly upon email
notification of recruitment. The study subjects, investigators, health care providers, study
coordinators, and data analysts will be blinded to both the randomization schedule and subsequent
treatment allocation.

On treatment days the hemodialysis nurses at each study site will administer the study drug
to the subjects at the beginning of each dialysis session throughout the 24-week trial. Compliance
with the vitamin D supplementation will be recorded on study drug administration schedules and
checklists for each subject enrolled in the trial. To ensure blinding, all vitamin D combinations
will be prepared in blister- packages by Research Pharmacy marked only with the participant’s
study identification code. Each study capsule is packaged identically in1g soft gel capsules to
ensure blinding. Specifically, each study capsule holds one 0.25mcg alfacalcidiol pill as well as a
placebo or 50,000 IU ergocalciferol pill. Ergocalciferol has no distinct odour or taste. The
Research Pharmacy has manufactured the VITAH placebo pills within each capsule to resemble
the ergocalciferol pills in colour, shape, odour, taste and consistency to allow for a blinded
controlled trial even if the study capsules are disassembled for the subjects to facilitate ingestion.
To ensure compliance with the treatment, all blister-packs will be kept at the respective
hemodialysis unit and study medications will be administered and recorded by the dialysis nurse
(directly-observed therapy). Ergocalciferol (vitamin D2), in contrast to the other commercially
available nutritional vitamin D, cholecalciferol (vitamin D3), is only available by prescription
through a medical vendor and has been labeled with a federal Drug Identification Number through
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which product can effectively be tracked. This method allows the investigators to determine
whether contamination is occurring during the study so it can be reduced and to determine its
extent during the analysis phase. Subsequent statistical analyses will also be done blinded to the
above treatment allocation.

Data collection
Ambulatory electrocardiography (Holter) data is recorded for 18 - 24 hours using a
standard bipolar 3-lead configuration (GE Healthcare, SEER MC; Milwaukee, USA). HRV is
analyzed using a commercial Holter analysis system (MARS v. 7; GE Healthcare; Milwaukee,
USA). Power spectral density analysis, which transforms the electrocardiographic signals into
measures of frequency domain HRV (representing activity of the cardiac autonomic nervous
system) are calculated. Autonomic activity is categorized into spectral bands: total power (TP),
very-low frequency (VLF, 0.003-0.04 Hz), low-frequency (LF, 0.04-0.15 Hz) and high-frequency
(HF, 0.15-0.4 Hz) domains (28, 28, 151 – 153). Absolute LF and HF parameters are then squared
and log-transformed (ln ms2) and converted to normalized units (nu). Overall cardiosympathovagal
balance (LF:HF) is derived from these measures. Time domain HRV measurements are also
calculated (Table 7.2) (28, 28, 151 – 153).

The specific physiological parameters which will be assessed at each study visit
throughout the study are described in Table7.3. A MEDRIO electronic database
(www.medrio.com) will be utilized for data entry after collection at baseline and every 6 weeks up
to 24 weeks. Holter application and simultaneous blood draws will be collected at each study visit
in order to observe potential vitamin D therapy-dependent changes in cardiac autonomic tone,
circulating renin-angiotensin system activity markers, and mineral metabolism parameters related
to vitamin D metabolism including serum calcium, phosphate, and parathyroid hormone. Blood
samples collected from subjects at each study day are sent to the on-site laboratory typically used
for other routine blood work at each of the study locations. Database access and ability to update
blinded data will be provided only to the primary investigators.
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Table 7.2. Description of heart rate variability data to be analyzed from Holter recordings
Heart rate variability parameter
(Acronym)

Description/ Physiological representation

Low frequency (LF)

Represents contribution of baroreflex activity
in overall cardiovascular control

High frequency (HF)

Represents contribution of cardiac
parasympathetic/vagal nervous activity

Low to high frequency ratio (LF:HF)

Represents the interplay between sympathetic
and parasympathetic limbs of the autonomic
nervous system

Standard deviation of the normal
wave (SDNN)

Variation (in units of standard deviation)
between each successive R-wave in the ECG
recording

Standard deviation of the average
normal wave (SDANN)

Average of the variation (in units of standard
deviation) between each successive R-wave
when comparing multiple 5-minute sections of
the ECG recording

Percentage of normal wave variation
(pNN50%)

Percentage of normal R-waves that differ from
the wave directly before it by >50 milliseconds

Primary outcome

The primary outcome of the study is sympathovagal balance (LF:HF), interpreted as the
overall balance on stimulatory and inhibitory cardiac autonomic control, from baseline to the final
study day within each 6 week treatment block (0 and 6 weeks, 18 and 24 weeks). Comparison of
measured sympathovagal balance throughout each of the vitamin D supplementation treatment
blocks as well as the 12-week washout period will allow for statistical interpretation of whether
presence or absence of oral vitamin D therapy alters cardiac autonomic function within this
population. An improvement in sympathovagal balance can be interpreted by a downward shift in
LF:HF, in which a smaller value indicates greater contribution of cardioprotective vagal activity
(Table 7.3).
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Secondary outcomes
The secondary outcomes include additional measures of cardiac autonomic tone, including
LF, HF, as well as time domain parameters of HRV including the standard deviation of the normal
R-R interval (SDNN), standard deviation of the average normal R-R interval (SDANN),
percentage of normal R waves occurring > 50ms after the R waves immediately before
(pNN50%), as well as blood draw measurements related to vitamin D metabolism at the beginning
and termination of each 6 week treatment block (Table 7.3)

Table 7.3. Baseline and ongoing data collection in the VITAH Trial
Screening visit

•

•

•
•
•
Baseline study visit

•

•
•
•

Study visits every 6 weeks
up to 24 weeks

•

•
•
•

Age, sex, target weight, duration on dialysis,
cause of end-stage kidney disease, vascular
access type
Serum calcium, phosphate, parathyroid
hormone, Kt/V, 25-hydroxy vitamin D, 1,25dihydroxy vitamin D
Medication use
GODIN leisure-time activity questionnaire
DASI aerobic capacity questionnaire
Serum calcium, phosphate, parathyroid
hormone, Kt/V, 25OHD level, 1,25-dihydroxy
vitamin D level, catecholamines
Renin, aldosterone, angiotensin II
Delivered dose of dialysis (Kt/V)
Power spectral analysis (LF, HF, LF:HF) and
time domain (SDNN, SDANN, pNN50%) HRV
parameters
Serum calcium, serum phosphate, parathyroid
hormone, 25OHD, 1,25-dihydroxy-vitamin D,
catecholamines
Renin, aldosterone, angiotensin II
Delivered dose of dialysis (Kt/V)
Power spectral analysis (LF, HF, LF:HF) and
time domain (SDNN, SDANN, pNN50%) HRV
parameters
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Subject follow-up procedures

Subjects will be followed from trial entry until study completion (24 weeks study period).
The study coordinator will review each subjects’ collected data at 6 week intervals to record
primary and secondary endpoints, as well as to assess the safety and efficacy of the vitamin D
administration in relation to study blood work. Study medication may be discontinued for reasons
associated with concern for subject safety, or as requested by the subject or primary nephrologist.

Study withdrawal

Given that the primary and secondary outcomes require the measurement of cardiac
autonomic tone with a Holter monitor, follow up for these outcomes can only occur if the subject
is alive and accessible for monitoring. Therefore, subjects will be censored and withdrawn from
follow-up under the following circumstances; subject or primary nephrologist request, transfer to
peritoneal dialysis, kidney transplantation, transfer of subject to a non-study hemodialysis unit,
hospitalization, or death.

Statistical analyses
The primary analysis will test associations between intensive and conventional vitamin D
therapies and observed fluctuations in LF:HF from baseline to 6 weeks later within each treatment
block utilizing a non-parametric paired t-test. To further determine the relationships between
cardiac autonomic tone and specific vitamin D therapy regimens, we will use a repeated
measurements analysis of variance model to account for the cross-over design of the study
utilizing Greenhouse-Geisser correction values to account for multiple comparisons. Treatment,
treatment period, and treatment sequence will be analyzed as fixed effects within the model, as
well as additional effect modifiers (gender, vitamin D, calcium, phosphate, parathyroid hormone).
Additional analyses will include a subgroup analysis for those subjects with diabetes mellitus as
diabetes has been shown to alter parameters of cardiac autonomic tone and vitamin D metabolism
(147, 155).
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Sample size calculation
While we are not aware of any studies examining the use of vitamin D on the primary
outcome of this study, previous work by Kontopoulous et al. (72) has demonstrated that postmyocardial infarction (MI) patients (n=25) randomized to receive 5-10 mg of quinapril
(angiotensin converting enzyme inhibitor) per day for 35 days immediately following an MI
displayed a 46% reduction in LF:HF from baseline to 6 weeks (mean ± SE: 10 ± 0.7; 5 ± 0.5),
while those randomized (n=25) to receive 50-100 mg of metoprolol per day for 35 days following
an MI displayed a similar 36% reduction in LF:HF from baseline to 6 weeks (mean ± SE: 9 ± 0.6;
6 ± 0.4). As such, given that 1) vitamin D deficiency is the norm in hemodialysis patients, 2)
vitamin D down regulates the renin-angiotensin system,(52, 113,164) and 3) increased RAS
activity is associated with alterations in cardiac autonomic tone (42, 131, 164), we feel there is
sufficient justification for the sample size calculation herein. Based on these observations, we
estimate the standard deviation of the pooled difference in LF:HF from both treatment sequences
as 4.53. Using a 2×2 crossover design (2 sequences or treatment orderings and 2 time periods or
occasions) and anticipating a 20% or larger reduction in LF:HF observed after 6 weeks of
treatment with combined vitamin D vs. the reduction observed after 6 weeks of treatment with
alfacalcidiol alone, we estimate that 54 subjects will be required (α=0.05, β= 0.1). In anticipation
of a 10% dropout rate, approximately 60 subjects in total will be recruited.

Discussion

In summary, the VITAH trial will determine whether an intensive vitamin D
supplementation regimen will improve cardiac autonomic tone compared to conventional vitamin
D supplementation in patients receiving chronic hemodialysis. As the trial will remain relatively
small in nature, it is possible that potential sources of bias may influence the results obtained. For
example, subjects recruited must be stable dialysis patients which may represent a different area of
the patient spectrum in terms of the benefit that may be derived from vitamin D supplementation
therapy. Furthermore, our study is limited to the Calgary, Alberta area in Canada which may play
a role in the vitamin D levels of our subject population based solely on geographical location and
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seasonal sunlight exposure although current evidence would suggest that a majority of dialysis
patients are vitamin D deficient regardless of geographical location (29, 38, 52, 157). The
evidence surrounding the relationship between various vitamin D therapies and cardiovascular risk
derived from clinical trials is extremely scarce. The OPERA study by Wang and colleagues (72)
has recently demonstrated that in subjects with non-dialysis dependent chronic kidney disease, 52
weeks of daily paricalcitol supplementation did not alter left ventricular mass, volume, or ejection
fraction. Critically, the study showed that cardiovascular-related hospitalization rates were
significantly reduced in the vitamin D treatment group compared to placebo, suggesting that
vitamin D may affect cardiovascular risk and underscoring the need for other cardiac parameters,
such as cardiac autonomic tone, to be evaluated in relation to vitamin D supplementation. The
VITAH trial will lend much needed data to the literature pool, and moreover conclusions drawn
from this trial will provide quality evidence towards the current equipoise which exists within the
discussion of the clinical efficacy of vitamin D in reducing cardiovascular-specific risk in this
growing vulnerable chronic patient population.
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CHAPTER 8: THE VITAH TRIAL - VITAMIN D SUPPLEMENTATION AND
CARDIAC AUTONOMIC TONE IN PATIENTS WITH END-STAGE KIDNEY
DISEASE ON HEMODIALYSIS: A BLINDED, RANDOMIZED TRIAL
Mann MC, Exner DV, Hemmelgarn BR, Hanley DA, Turin TC, MacRae JM, DC Wheeler,
Ramesh S, Ahmed SB. The VITAH Trial: Vitamin D supplementation and cardiac autonomic tone
in hemodialysis: A blinded, randomized controlled trial. In preparation for submission to JAMA.
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Abstract
Importance: Vitamin D deficiency is associated with increased cardiovascular risk and depressed
heart rate variability, indicative of poor cardiac autonomic tone, though whether supplementation
improves risk is unknown.
Objective: To determine the effects of activated vitamin D (conventional) compared to activated
and nutritional vitamin D (intensive) treatment over 6 weeks on heart rate variability in patients
with end-stage kidney disease.
Design: 2x2 cross-over, blinded, randomized controlled trial
Setting: Outpatient hemodialysis units in Calgary, Canada from January 2013 through March
2015.
Participants: Fifty-six prevalent patients with end-stage kidney disease treated with thrice weekly
hemodialysis and free of cardiovascular complications >6 months were randomized. Forty-six
participants completed the study.
Intervention: Participants were randomized 1:1 to conventional or intensive vitamin D therapy
for 6 weeks, followed by a 12-week washout period and the other vitamin D therapy for 6 weeks.
Intensive vitamin D treatment included 0.25mcg alfacalcidiol 0.25mcg three times per week plus
50,000IU ergocalciferol once a week. Conventional vitamin D treatment included 0.25mcg
alfacalcidiol plus placebo three times per week.
Main Outcomes and Measures: Change in the ratio of low frequency: high frequency (LF:HF)
measure of heart rate variability during the first weekly hemodialysis session over 6 weeks,
measured by ambulatory Holter electrocardiography. Secondary endpoints included LF and HF
activity, parameters of mineral metabolism and renin angiotensin system activity.
Results: LF:HF did not differ from baseline after 6 weeks of either vitamin D treatment
(conventional vitamin D: p=0.9 vs. baseline; intensive vitamin D: p=0.07 vs. baseline). No
significant changes in any other measure of cardiac autonomic tone, mineral metabolism or renin
angiotensin system activity were observed. On exploratory subgroup analysis, participants who
remained vitamin D deficient (25-hydroxyvitamin D<50nmol/L) after vitamin D treatment
demonstrated a significant increase in LF:HF (conventional: n=13, ∆LF:HF: 0.20±0.06, p<0.001
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vs insufficient and sufficient vitamin D groups; intensive: n=8: ∆LF:HF: 0.15±0.06, p<0.001 vs
sufficient vitamin D group. No serious adverse events related to vitamin D treatment were
reported.
Conclusions and Relevance: Six week treatment with either conventional or intensive vitamin D
did not alter measures of cardiac autonomic tone in patients with end-stage kidney disease on
hemodialysis. Increased LF:HF, which may translate into decreased cardiovascular risk in this
population, was observed in the vitamin D deficient subgroup, however this finding should be
considered hypothesis generating and requires further study.
Trial Registration: ClinicalTrials.gov, NCT01774812
Keywords: chronic kidney disease, vitamin D, ergocalciferol, alfacalcidiol, autonomic nervous
system, cardiovascular risk, clinical trial
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End-stage kidney disease (ESKD) patients have 10-100 times greater risk of
cardiovascular death compared to the general population, with sudden arrhythmic cardiac death
(SCD) accounting for approximately 25% of all cardiovascular-related deaths (169). Despite
treatment of traditional cardiovascular risk factors, rates of cardiovascular mortality and SCD
remain elevated in this patient population (170). Suppressed heart rate variability (HRV), which
translates clinically to poor cardiac autonomic tone (CAT), is common in ESKD patients (33)
and has been shown to predict SCD risk (23,148) and suggests that treatments aimed at
normalizing CAT may translate into improved cardiac outcomes.

Vitamin D deficiency is extremely common in ESKD (39, 158) and is characterized by
not only a deficiency in 25-hydroxyvitamin D, the barometer of vitamin D status, but also 1,25dihydroxyvitamin D, the active form of vitamin D due to decreased renal 1-alpha hydroxylase
activity (171). Vitamin D deficiency is not only independently associated with increased reninangiotensin system (RAS) activity (13), but also with abnormal HRV (131,172,173), but also
cardiovascular mortality in patients with ESKD (38, 39, 112, 158). While to date no randomized
trials have shown increased survival with vitamin D supplementation (71,72, 174) in ESKD,
treatment with the activated vitamin D analogue paricalcitol decreased cardiovascular-related
hospitalizations compared to those treated with placebo (71, 72). We have previously shown than
vitamin D3 supplementation is associated with normalization of HRV in healthy humans (42) and
increased cardioprotective vagal activity in patients with IgA nephropathy (43), suggesting that
low vitamin D levels may mediate increased risk via the cardiac autonomic nervous system,
though this has not been examined in a randomized-controlled trial.

The VITAH (Vitamin D Supplementation and Cardiac Autonomic Tone in Hemodialysis)
trial was an investigator-initiated, blinded, randomized controlled trial, which tested the
hypothesis that 6-week treatment with intensive vitamin D [activated vitamin D [(alfacalcidiol) +
nutritional vitamin D (ergocalciferol)] normalizes cardiac autonomic tone by enhancing measures
of cardiovagal activity in patients with ESKD requiring hemodialysis.
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Methods
Study Population
Details of the VITAH study design have been previously published (44). In brief, eligible
patients were recruited from three hemodialysis units in Calgary, Canada. Eligible patients were
≥18 years, and on outpatient hemodialysis three times per week for ≥3 months. Exclusion criteria
included any major cardiovascular event (new onset arrhythmia, cardiovascular-related
hospitalization or emergency room visit) within 6 months prior to enrolment, inability to cease
non-study-related vitamin D, anticipated death, changes in dialysis modality or location or
upcoming kidney transplantation within 1 year, active medical issues, or inability to provide
informed consent. Demographic and clinical characteristics were collected prospectively. The
study was approved by Health Canada and the University of Calgary Health Research Ethics
Board and all participants signed written informed consent.
Study Design
The VITAH Trial was a 2x2 cross-over, blinded, randomized-controlled trial. All
subjects, investigators, health care providers, study coordinators and data analysts were blinded to
randomization and allocation of vitamin D therapy until completion of the study on March 17,
2015. Subjects were recruited from January 2013 until October 2015 and underwent a 4 week
washout period of any type of vitamin D therapy. They were subsequently randomized to one of
two sequence arms; 6 weeks of conventional vitamin D therapy (0.25mcg alfacalcidiol plus
placebo 3 times per week), followed by a 12 week washout, and 6 weeks of intensive vitamin D
therapy (0.25mcg alfacalcidiol 3 times per week plus 50,000 IU of ergocalciferol once per week
and placebo the remaining two days of the week), or vice versa for 24 weeks (Figure 8.1). All
vitamin D treatments were taken orally at each hemodialysis session during the study period.
Subject identification codes and corresponding treatment allocations, consisting of two
treatment sequences randomized by small random block sizes, were developed by an independent
biostatistician at the University of Calgary, which was then held by the University of Calgary
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Research Pharmacy for the preparation and dispensing of unlabeled vitamin D blister packs. The
different vitamin D formulations and placebo tablets were encapsulated in identical 1g soft gelatin
capsules matching in appearance. Compliance with study treatment was monitored and recorded
electronically by attending nursing staff at each hemodialysis unit.

Figure 8.1. Overview of the VITAH Trial
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Outcome Measures

Ambulatory Holter electrocardiograph (ECG) monitors were applied to the subjects
within the first hour of the first weekly dialysis run at baseline (-1 week from vitamin D
intervention initiation) and every 6 weeks (Week 0, Week 6, Week 12, Week 18, Week 24) until
trial termination (Figure 8.1). Ambulatory Holter ECG data was collected for minimum 4 hours
and up to 24 hours using a standard bipolar 3-lead configuration (GE Healthcare, SEER MC;
Milwaukee, USA). Power spectral density analysis of HRV, which transforms the
electrocardiographic signals into measures of frequency domain (representing activity of the
sympathetic and vagal limbs of the cardiac autonomic nervous system, or CAT) was carried out by
computer-generated algorithms (MARS; GE Healthcare; Milwaukee, USA). Autonomic activity
was categorized into spectral bands: total power (TP), very-low frequency (VLF, 0.003-0.04 Hz),
low-frequency (LF, 0.04-0.15 Hz) and high-frequency (HF, 0.15-0.4 Hz) domains (28, 35, 151 –
153). Absolute LF and HF parameters were not normally distributed therefore the values were
squared and transformed into the natural logarithm (ln ms2), as well as converted to normalized
units (nu) to account for potential background contribution from activity within the VLF
frequency band. Time domain measurements were also generated using the beat-to-beat variation
in normal R-R intervals, including the standard deviation of the normal waves (SDNN), standard
deviation of the average normal wave (SDANN), and percentage of normal waves more than 50ms
difference between the immediate preceding normal wave (pNN50%) (28, 152).

The period of highest cardiovascular risk in hemodialysis patients occurs after the long
interdialytic interval (20), thus the primary outcome was the change in cardiac autonomic tone
measured by the ratio of LF to HF frequency domain parameters (LF:HF) during the first 4h of
hemodialysis of the first hemodialysis session of the week. Though an increase in LF:HF ratio is
associated with improved cardiac outcomes in non-ESKD populations (35), we hypothesized,
based on our previous studies (42,43), that vitamin D supplementation would result in an overall
decrease in LF:HF due a significant increase in cardiovagal tone (HF). Further, we also
hypothesized that intensive vitamin D therapy would have a greater effect on LF:HF compare to
conventional vitamin D alone. Time domain measures of CAT were also analyzed, but only if
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>12h of Holter monitor recordings were available to ensure validity of these measures (28).

Pre-specified secondary end points included additional measures of cardiac autonomic
tone, including LF, HF, and time domain parameters of HRV. In addition, biochemical and
dialysis adequacy measures were assessed at each 6 week study visit throughout the trial.
Circulating renin-angiotensin system (RAS) activity markers, mineral metabolism parameters
including serum vitamin 25-hydroxy vitamin D, 1,25-dihydroxy vitamin D, calcium, phosphate,
and parathyroid hormone (PTH), as well as measures of dialysis adequacy including post-dialysis
heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP), ultrafiltration volume,
and dialysis adequacy (Kt/V) were collected.

Sample Size Determination
Due to the lack of randomized trials examining the effect of vitamin D on CAT, it was
assumed that vitamin D supplementation would alter CAT in a similar manner as angiotensin
converting enzyme inhibitors based on the role of vitamin D as a negative endocrine regulator of
the RAS (13). Based on this assumption and work by Kontopoulous et al.(130), we estimated the
standard deviation of the pooled difference in LF:HF from both treatment sequences as 4.53.
Using a 2'×'2 crossover design (2 sequences or treatment orderings and 2 time periods or
occasions) and anticipating a 20% reduction in LF:HF, we estimated that 54 subjects would be
required to ensure a power of 90% and a two-sided α'='0.05.

Patient Safety
Safety was evaluated as serious adverse events during the 24 week study period. An
external data safety monitoring board independent of the steering committee operated under a
formalized charter to monitor safety.
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Statistical Analysis

All end-point data were collected and analyzed using the intention-to-treat principle. All
data is presented as mean ± standard error (SE) unless otherwise indicated. The primary analysis
tested associations between conventional and intensive vitamin D therapies and change in LF:HF
and other measures of HRV pre- vs. post- vitamin D within each treatment period utilizing a nonparametric paired t-test. Prompted by the results of the VITdAL-ICU randomized clinical trial
(175) demonstrating a lower hospital mortality with vitamin D supplementation only in the
severely vitamin D deficiency subgroup of critically ill patients, a post-hoc analysis was
conducted with participants’ achieved 25-hydroxy vitamin D status after each 6 week vitamin D
treatment period (vitamin D deficient: <50nmol/L; insufficient; 50-75nmol/L; sufficient:
>75nmol/L) (166). Changes in LF:HF and other measures of HRV pre- vs. post-vitamin D across
these groups were compared with Kruskal-Wallis test and Tukey’s post-hoc analysis. To further
determine the relationships between HRV and vitamin D therapy, multivariate regression analysis
was conducted. Treatment sequence, prior vitamin D supplementation, 25-hydroxy vitamin D
level, calcium, parathyroid hormone, dialysis adequacy (kt/V), and β-blocker medication were
tested as potential effect modifiers within the model. The final regression model included the
following variables: age, sex, treatment period, final 25-hydroxy vitamin D, beta-blocker
medication, post-dialysis heart rate, and dialysis adequacy. Due to alterations in HRV due to these
conditions, a priori subgroup analyses were conducted for subjects with diabetes mellitus (64) and
subjects on nocturnal hemodialysis (149). Missing values were imputed utilizing an expectationmaximization (EM) technique. Data from participants who completed at least the first treatment
period before withdrawal (n=4; 3 in intensive treatment first arm, 1 in conventional treatment first
arm) were analyzed by paired t-test to assess the effect of that specific vitamin D therapy on HRV,
but were excluded from any further analyses. Statistical analyses were performed using SPSS
(Version 21; IBM), with 2-tailed significance levels of α=0.05.
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Results
Enrollment and Study Population

A total of 214 hemodialysis patients were screened from January 2013 through October
2014, leading to enrollment of 56 participants; 27 were randomly assigned to receive conventional
treatment first and 29 to receive intensive treatment first (Figure 8.2). Demographics were
balanced between treatment groups (Table 8.1). Participants were predominantly male, primarily
Caucasian and the cause of ESKD in the majority was diabetes or hypertension. Other
cardiovascular risk factors were present but balanced in both groups. Most participants were
receiving medications interrupting the RAS, and the use of beta-blockers was balanced between
groups. The majority of participants underwent daytime dialysis and more than half were on some
form vitamin D supplementation prior to enrolment in the study. No participants were vitamin D
sufficient at baseline, with approximately half of participants vitamin D insufficient (n=31) and
half vitamin D deficient (n=25). All participants demonstrated low levels of serum 1,25dihydroxy vitamin D (42, 43). Measures of circulating components of the RAS were markedly
elevated (43) but similar between groups.

Post-dialysis systolic blood pressure was lower in the intensive vitamin D group
(p=0.03), but blood pressure was well controlled in both groups. All measures of HRV were
depressed, but were similar between groups and comparable to published measures in the ESKD
population (33,35, 64, 176).
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Figure 8.2. CONSORT Diagram for VITAH recruitment and participation
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Table 8.1 Baseline characteristics of VITAH subjects

66 ± 2
41 (73%)

Conventional
Vitamin D
Therapy First
(n= 27)
67 ± 2
19 (70%)

Intensive
Vitamin D
Therapy First
(n=29)
66 ± 3
22 (76%)

17 (31%)
11 (20%)
5 (9%)
23 (41%)
38 ± 3
23 (41%)
17 (30%)

9 (33%)
4 (15%)
1 (4%)
13 (48%)
42 ± 4
10 (37%)
9 (33%)

8 (28%)
7 (24%)
4 (14%)
10 (34%)
34 ± 4
13 (45%)
8 (28%)

21 (38%)
23 (41%)
6 (11%)
6 (11%)

9 (33%)
8 (30%)
6 (22%)
4 (15%)

12 (41%)
15 (52%)
0 (0%)
2 (7%)

41 (73%)
18 (32%)
5 (9%)
5 (9%)

19 (70%)
9 (33%)
2 (7%)
3 (11%)

22 (76%)
9 (31%)
3 (10%)
2 (7%)

9 (16%)
10 (18%)
9 (16%)
4 (7%)
53 ± 4

7 (25%)
4 (15%)
5 (19%)
1 (4%)
49 ± 5

2 (7%)
6 (21%)
4 (14%)
3 (10%)
55 ± 5

49 ± 5

56 ± 9

43 ± 5

Serum Calcium (mmol/L)

2.15 ± 0.05

2.11 ± 0.06

2.19 ± 0.08

Serum Phosphate (mmol/L)

1.57 ± 0.07

1.44 ± 0.06

1.62 ± 0.09

All
subjects
(n=56)
Age
Male Gender (%)
Cause of renal failure
Diabetes
Hypertension
Glomerulonephritis
Unknown
Dialysis vintage (months)
History of CVD or related events (%)
Diabetes (%)
Dialysis schedule (%)
Morning
Afternoon
Evening
Nocturnal
Medication
ACE-inhibitors/ARBs
Statins
β-blockers
Cincalcet
Current vitamin D therapy
Alfacalcidol
Calcitriol
Cholecalciferol
Combination (Calcitriol + Cholecalciferol)
25(OH) Vitamin D (nmol/L)
1,25(OH)2 Vitamin D (pg/ml)
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Serum PTH (ng/L)

241 ± 29

216 ± 49

263 ± 34

Renin (mg/mL/s)

2.8 ± 0.36

1.91 ± 0.50

3.21 ± 1.5

Ang II (pg/mL)

26.9 ± 2.9

22.6 ± 3.7

30.9 ± 4.4

Aldosterone (pmol/L)

2766 ± 223

3330 ± 888

2241 ± 950

Epi (pmol/L)

144 ± 32

152 ± 52

133 ± 32

NE (nmol/L)

3.15 ± 6

3.50 ± 0.98

2.63 ± 0.46

Post-dialysis heart rate (bpm)

69 ± 2

69 ± 2

68 ± 3

Post-dialysis SBP (mmHg)

122 ± 6

129 ± 8

110 ± 8*

Post-dialysis DBP (mmHg)

63 ± 2

66 ± 3

60 ± 4

Ultrafiltration volume (mL)

1726 ± 133

1543 ± 168

2016 ± 202

Kt/V

1.27 ± 0.08

1.33 ± 0.11

1.17 ± 0.11

Heart rate variability parameters
LF:HF
LF (ms2)
LF (ln ms2)

1.40 ± 0.08
586 ± 108
5.05 ± 0.24

1.34 ± 0.12
557 ± 215
4.98 ± 0.42

1.41 ± 0.11
597 ± 215
5.10 ± 0.25

52 ± 3
312 ± 62
4.56 ± 0.22
34 ± 2
88 ± 13
72 ± 14
9.2 ± 2.5

50 ± 5
313 ± 116
4.64 ± 0.37
35 ± 3
89 ± 11
72 ± 11
10.3 ± 4.1

53 ± 4
272 ± 51
4.14 ± 0.25
33 ± 3
77 ± 8
69 ± 10
6.15 ± 2.1

LF (nu)
HF (ms2)
HF (ln ms2)
HF (nu)
SDNN (ms)‡
SDANN (ms) ‡
pNN50%‡

CVD: cardiovascular disease; ACE: angiotensin-converting enzyme; ARB: angiotensin receptor
blocker; PTH: parathyroid hormone; AngII: angiotensin II; Epi: epinephrine; NE:
norepinephrine; SBP: systolic blood pressure; DBP: diastolic blood pressure; VLF: very-low
frequency; LF: low-frequency; HF: high-frequency; SDNN: standard deviation of the normal NN
interval; SDANN: standard average deviation of the normal NN interval; pNN50%: percentage
of NN intervals greater than 50ms different than the preceding NN wave.
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Data is presented as mean ± SE
* p < 0.05 vs. conventional vitamin D first group
‡ Time domain measures used only in subjects with > 12 hrs Holter recording, n=14 in
conventional vitamin D therapy first group, n=17 in intensive vitamin D therapy first group
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Vitamin D and Mineral Metabolism Responses

In response to conventional treatment, neither 25-hydroxy (p=0.9) nor 1,25-dihydroxy
(p=0.8) vitamin D levels changed (p=0.9). Conversely, following intensive treatment, 25hydroxyvitamin D levels rose significantly (p=0.001) though 1,25-dihydroxy vitamin D levels did
not differ (p=0.7). Mineral metabolism parameters did not change from baseline with either
conventional or intensive vitamin D treatment, and PTH remained within range (Figure 8.3) (166).
Both conventional and intensive vitamin D supplementation elicited similar, non-significant
effects on measures of circulating RAS components. There were no differences in post-dialysis
blood pressure control between the two vitamin D therapies (Table 8.2).

The primary end point was change in LF:HF at 6 weeks, which did not significantly
change from baseline after either vitamin D treatment period (Table 8.2). LF:HF increased but not
significantly at week 6 after both conventional (p=0.9) and intensive (p=0.07) vitamin D
treatments compared to baseline (Figure 8.4). Neither measures of LF nor HF changed
significantly in both the conventional (LF nu, p=0.8; HF nu, p=0.9) and intensive (LF nu, p=0.8;
HF nu, p=0.7) vitamin D groups. Time domain responses (SDNN, SDANN, pNN50%) were
highly variable and did not differ between the two vitamin D therapies (Table 8.2).
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Figure 8.3 Parathyroid hormone response to vitamin D supplementation
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Figure 8.4. LF:HF responses to vitamin D supplementation
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Table 8.2. Responses to conventional and intensive vitamin D supplementation
Conventional Vitamin D
n= 46
Pre
Post

Intensive Vitamin D
n = 46
Pre
Post

55 ± 4
58 ± 5
54 ± 4
83 ± 5*†
25(OH) Vitamin D (nmol/L)
1,25(OH)2
50 ± 7
42 ± 4
36 ± 7
49 ± 5
Vitamin D (pg/ml)
Serum Calcium (mmol/)
2.2 ± 0.03
2.2 ± 0.04
2.3 ± 0.03
2.3 ± 0.04
Serum Phosphate (mmol/L)
1.4 ± 0.08
1.6 ± 0.20
1.6 ± 0.06
1.5 ± 0.06
Serum PTH (ng/L)
260 ± 32
240 ± 20
295 ± 26
229 ± 18
Renin (mg/mL/hr)
3.3 ± 1.1
3.1 ± 1.1
3.9 ± 0.9
3.0 ± 0.8
Ang II (pg/mL)
28 ± 4
21 ± 2
26 ± 2
23 ± 3
Aldosterone (pmol/L)
756 ± 207
448 ± 164
828 ± 165
779 ± 177
Post-dialysis heart rate (bpm)
69 ± 2
66 ±1
68 ± 2
67 ± 2
Post-dialysis SBP (mmHg)
130 ± 4
130 ± 3
119 ± 4
128 ± 3
Post-dialysis DBP (mmHg)
64 ± 2
61 ± 2
66 ± 4
61 ± 2
Kt/V
1.36 ± 0.05
1.37 ± 0.05
1.32 ± 0.05
1.40 ± 0.07
LF:HF
1.42 ± 0.09
1.50 ± 0.08
1.44 ± 0.12
1.63 ± 0.08
2
LF (ms )
498 ± 122
565 ± 162
585 ± 151
589 ± 162
LF (ln ms2)
5.22 ± 0.31
5.57 ± 0.27
5.32 ± 0.24
5.45 ± 0.24
LF (nu)
56 ± 3
59 ± 3
57 ± 4
62 ± 3
HF (ms2)
353 ± 89
287 ± 78
359 ± 84
288 ± 73
HF (ln ms2)
5.07 ± 0.28
4.69 ± 0.24
5.11 ± 0.75
5.00 ± 0.24
HF (nu)
33 ± 2
31 ± 2
32 ± 2
29 ± 3
SDNN (ms)‡
84 ± 8
68 ± 5
76 ± 6
73 ± 6
SDANN (ms)‡
64 ± 8
47 ± 5
56 ± 6
54 ± 6
pNN50%‡
10.4 ± 2.6
7.8 ± 2.0
7.5 ± 1.9
9.4 ± 2.6
PTH: parathyroid hormone; AngII: angiotensin II; SBP: systolic blood pressure; DBP: diastolic
blood pressure; VLF: very-low frequency; LF: low-frequency; HF: high-frequency; SDNN:
standard deviation of the normal NN interval; SDANN: standard average deviation of the normal
NN interval; pNN50%: percentage of NN intervals greater than 50ms different than the
preceding NN wave
Data is presented as mean ± SE
* p < 0.05 vs. pre-vitamin D response
†
p < 0.05 vs. conventional vitamin D treatment
‡ Time domain measures used only in subjects with > 12 hrs Holter recording, n=14 in
conventional vitamin D therapy first group, n=17 in intensive vitamin D therapy first group.
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A number of participants remained vitamin D deficient (<50 nmol 25-hydroxyvitamin D)
following either type of vitamin D therapy (Table 8.3). The majority of subjects achieved a
vitamin D level within the vitamin D insufficient range with vitamin D therapy with only a
minority of subjects achieving vitamin D sufficiency. Nursing records depicting dispense of study
medication at each dialysis session as well as the non-statistically significant dose-dependent
reduction in PTH during both vitamin D treatment periods provided evidence of compliance with
both vitamin D therapies (Figure 8.3). There were no significant differences in demographic or
clinical measures associated with differences in baseline or achieved vitamin D status.

In post-hoc analyses, participants who remained vitamin D-deficient after either vitamin
D treatment demonstrated significantly lower baseline LF:HF compared to subjects who
achieved sufficient vitamin D status (p=0.01 after conventional treatment; p=0.03 after intensive
treatment). Stratification by post-treatment vitamin D status demonstrated that HRV responses
to vitamin D supplementation differed significantly by group. In response to conventional
vitamin D therapy, participants who remained vitamin D deficient showed a trend towards an
increased LF:HF (p=0.06), an increase not observed in subjects who achieved vitamin D levels
within the insufficient and sufficient ranges (p<0.001 vs. deficient vitamin D group) (Table 8.3,
Figure 8.5). A similar trend was observed after 6 weeks of intensive vitamin D treatment (Figure
8.5). Those participants who achieved vitamin D sufficiency in response to intensive vitamin D
therapy demonstrated an increase in cardiovagal (HF) activation (p=0.05 pre- vs. post
supplementation) (Table 8.3). Vitamin D therapy-dependent changes in measures of mineral
metabolism and RAS activity were not significantly different between any of the three vitamin D
status groups.
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Table 8.3. Responses to conventional and intensive vitamin D supplementation, stratified by achieved vitamin D status

25(OH)
1,25
(OH)2

Deficient
<50nmol/L
25(OH)D
n = 13
Pre
Post
41 ±
45 ± 3*
4†
52 ±
18

52 ± 6

Conventional Vitamin D
n= 46
Insufficient
Sufficient
50-75nmol/L
>75nmol/L 25(OH)D
25(OH)D
n=7
n = 27
Pre
Post
Pre
Post
56 ± 5

65 ± 5

61 ± 9

91 ± 4*†ǂ

51 ± 8

50 ± 6

49 ± 5

59 ± 9

Deficient
<50nmol/L
25(OH)D
n=8
Pre
Post
49 ±
30 ± 4†
4*
26 ± 6†

21 ±
8*

Intensive Vitamin D
n = 46
Insufficient
Sufficient
50-75nmol/L
>75nol/L
25(OH)D
25(OH)D
n = 23
n = 15
Pre
Post
Pre
Post
49 ±
104 ±
59 ± 2
53 ± 5
5
6*†ǂ
37 ±
5

50 ± 12

1.29
1.87 ±
±
0.22*ǂ
0.38
52 ±
59 ±
47 ±
LF (nu)
60 ± 6
56 ± 8
76 ± 6
66 ± 5
52 ± 7 57 ± 7
69 ± 5
6†
6†
8
39 ±
HF (nu)
35 ± 4 36 ± 4 37 ± 5
42 ± 3
25 ± 5
29 ± 6
37 ± 5 32 ± 4
25 ± 4
8
25(OH): 25-hydroxy vitamin D: 1,25(OH)2 ;1,25-dihydroxy vitamin D; LF: low-frequency; HF: high-frequency
LF:HF

1.31 ±
0.16†

1.53 ±
0.16ǂ

1.44 ±
0.21

1.36 ±
0.10

1.86 ±
0.26

1.65 ±
0.18

1.32 ±
0.15†

Data is presented as mean ± SE
* p < 0.05 vs. pre-vitamin D response
† p < 0.05 vs. sufficient vitamin D group at same time point
ǂ p < 0.05 vs. delta (post – pre vitamin D response) vs. other vitamin D groups

124

1.49 ±
0.12ǂ

38 ± 4

50 ± 6

1.66 ±
0.14

1.43 ±
0.10

66 ± 4

62 ± 3

29 ± 3

36 ± 2*

Multivariate analyses demonstrated that lower post-vitamin D supplementation 25hydroxy vitamin D was associated with an increase in LF:HF (conventional treatment: ∆LF:HF:
β= -1.73, p= 0.004; intensive treatment: ∆LF:HF: β= -0.744, p= 0.005). Lower values of
achieved 25-hydroxy vitamin D were associated with increases in LF post-vitamin D
supplementation (conventional: LF nu: β= -2.00, p=0.001; intensive: LF nu: β= -0.713, p=0.005)
and increases in HF post-vitamin D (conventional: HF nu: β= 1.54, p=0.001; intensive: HF nu:
β= 0.88, p=0.009). Time domain measures of HRV (n=31) post- vitamin D supplementation
were also largely dependent on achieved 25-hydroxyvitamin D levels (conventional treatment:
SDNN: β=2.2, p=0.003; SDANN: β= 2.1, p=0.003; pNN50%: β=0.452, p=0.028; intensive
treatment: SDNN: β= 0.322, p=0.044; SDANN: β= 0.63, p=0.01; pNN50%: β= 0.365, p=0.04).
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Figure 8.5. LF:HF responses to vitamin D supplementation, stratified by achieved vitamin
D status

A

B
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Subgroup Analyses

Diabetic subjects (n=17) displayed similar measures of mineral metabolism, RAS, BP,
and HRV pre- and post- conventional and intensive vitamin D treatment, with similar trends in
changes of HRV measures post- vitamin D as observed in the primary analyses. The responses in
participants undergoing nocturnal hemodialysis (n=6) responses to vitamin D therapy also did not
differ significantly from the primary analyses.

Adverse Events
A similar number of participants in each group reached the final visit at 24 weeks
(conventional-first, 85.2% vs intensive-first, 79.3%, p=0.9). There was no difference in the overall
incidence of adverse events between groups (conventional-first, 7.4% vs intensive-first, 6.9%,
p=0.9) and no adverse events were judged to be related to vitamin D therapy. There was one
episode of gastrointestinal upset and one hospitalization due to upper airway compromise in
conventional-first group, one incident of gastrointestinal upset and one episode of increased lower
leg edema in intensive-first group. No participants withdrew from the study because of adverse
events. There were no deaths during the study period or within 30 days of study completion.

Discussion

Vitamin D deficiency is strongly associated with cardiovascular risk in the ESKD
population (38,39,112,158), and limited data suggests that supplementation may mitigate risk in
this population (71,72) via favourable alterations of HRV (42,43). In this blinded, randomized
controlled trial, administration of both nutritional and activated (intensive) vitamin D
supplementation compared with activated vitamin D alone (conventional) did not alter measures
of cardiac autonomic activity among patients with ESKD on thrice weekly hemodialysis.
However, in post-hoc analysis, a significant increase in LF:HF ratio was observed in response to
both vitamin D supplementation treatments exclusively in subjects with the poorest vitamin D
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status, suggesting a potential cardiovascular benefit of vitamin D therapy in ESKD patients with
the lowest 25-hydroxy vitamin D levels.

Suppression of measures of CAT, such as HRV, are a relatively under-recognized
predictor of adverse cardiovascular events in patients with CKD (35). Depressed HRV is
extremely common in the ESKD population (23,33,35,148), and commonly presents as withdrawal
of parasympathetic (vagal) activity in conjunction with an increase in the sympathetic input to the
sino-atrial node (33). Dysfunctional HRV is believed to play a key role in the increased risk of
sudden arryhthmic death in patients with ESKD (35,148,176). Consequently, interventions
favourably altering cardiac autonomic tone could potentially hold considerable therapeutic benefit.

Low vitamin D levels are associated with increased risk of SCD in ESKD patients
(23,33,35,148), and vitamin D deficiency is extremely common in the ESKD population
(112,158,171). We have previously shown that in both healthy volunteers and subjects with IgA
nephropathy, oral vitamin D3 supplementation was associated with normalization of autonomic
tone due to significantly increased vagal (HF) activity in response to angiotensin II (42,43), a
chronically upregulated hormone in the ESKD population. As a result of this increase in vagal
tone, there was an overall decrease in the LF:HF ratio. A prospective cohort study of ESKD
patients reported that 5-year survival was 98.1% in patients with LF:HF <1.9; sudden cardiac
death-free survival was only 29% in patients with LF:HF >1.9 (176). We thus anticipated that
vitamin D supplementation in the ESKD population would result in a decrease in LF:HF.
However, contrary to our hypothesis, we observed no difference in LF:HF with conventional (i.e.,
activated vitamin D alone) treatment and a trend towards an increase in cardiosympathovagal
balance (LF:HF) with intensive (activated and nutritional) vitamin D supplementation.
Furthermore, the increase in LF:HF attributed to vitamin D supplementation appeared to be driven
primarily by participants with the lowest vitamin D status. Interestingly, and in support of our a
priori hypothesis, an increase in HF with vitamin D supplementation was observed but only in the
participants who achieved vitamin D sufficient status. The similar cardiovagal tone response to
vitamin D supplementation in this group compared to healthy subjects (42) and subjects with early
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CKD (43) in previous studies may reflect a healthier ESKD subpopulation. We also speculate that
the differences observed with vitamin supplementation on cardiac autonomic tone between the
previous studies and the VITAH study are due to differences in vitamin D formulations and study
populations. This phenomenon, whereby outcomes differ in the ESKD population compared to
other populations, is not uncommon (143, 144).

The observation that vitamin D therapy had an effect on overall LF:HF only in subjects
with low vitamin D status and not those with vitamin D sufficiency is suggestive of a threshold
effect in terms of any potential benefit to vitamin D therapy. Interestingly, there were no
significant differences in HRV responses to vitamin D treatment in the stratified groups when
comparing conventional and intensive vitamin D supplementation, implying that the observed
effects on cardiac autonomic nervous system activity are principally driven by the activate 1,25dihydroxy vitamin D, alfacalcidol, rather than the nutritional vitamin D2 compound ergocalciferol,
supplementation present in both treatment periods. Furthermore, while vitamin D status was
associated with baseline LF:HF measures, there were no differences in post-treatment LF:HF
measurement across groups, implying that ingestion of activated active vitamin D mitigated any
potential influence of low 25 hydroxyvitamin levels. Our data thus provide a potential
physiological explanation for the findings reported by Wolf and colleagues (39). While vitamin D
status was associated with all-cause and cardiovascular mortality in ESKD patients on
hemodialysis in this large cross-sectional study, the association was abolished in those patients on
activated vitamin D supplementation, suggesting that 1,25-dihydroxyvitamin D status, rather than
25 hydroxy vitamin D status, determines risk.

Activated vitamin D possesses approximately 100 times the affinity for the vitamin D
receptor compared to 25-hydroxy vitamin D (1). Aside from its traditional role in regulating
measures of mineral metabolism, vitamin D has also been shown to affect nervous system activity
by eliciting a number of non-genomic actions at the non-transcriptional level in mammalian
studies (7-9,58). Cardiac myocytes isolated from vitamin D receptor-knockout mice showed
accelerated rates of contraction and relaxation as compared with wild type (115). Further,
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myocytes exposure to 1,25-dihydroxy vitamin D directly attenuated contractility in the wild-type
but not the knockout cardiac myocyte (115). Additional animal studies have implicated activity of
cardiac sympathetic limb in association with 1,25-dihydroxy vitamin D serum levels. In a study of
isolated chick myocardial cells, β-adrenergic signal transduction was enhanced in the presence of
activated 1,25(OH)2 vitamin D3 (40). In human studies, a growing body of literature assessing
vitamin D supplementation therapy in patients with neurological complications, such as spinal
injury (75) and epilepsy (74), also reinforces the role of activated vitamin D supplementation in
directly altering activity of the nervous system.

To date, there are no clinical trials demonstrating a causal relationship between vitamin D
and adverse cardiovascular outcomes in CKD and ESKD (131), with the majority of existing
trials primarily assessing the impact of vitamin D on biochemical outcomes rather than patientlevel outcomes (131). However, compelling evidence from observational studies suggest that
vitamin D plays a role in cardiovascular risk in the ESKD population. In a study of 1108 diabetic
hemodialysis patients, those in the lowest baseline 25-hydroxy vitamin D levels demonstrated an
increased risk of SCD, cardiovascular events, and death over a 4 year period (38). A prospective
cohort study of 762 incident dialysis patients reported an increased risk of cardiovascular, but not
non-cardiovascular, mortality with lower 25-hydroxyvitamin D levels (158). In a systematic
review and meta-analysis of prospective observational studies of patients with CKD and
including those with ESKD, higher 25-hydroxyvitamin D levels were associated with
significantly improved survival rates (112). However, whether vitamin D supplementation
improves survival in patients with CKD remains to be elucidated in randomized controlled trials.

Our study has limitations. First, the intervention periods for both vitamin D therapies
were only 6 weeks in length, and thus any effects observed may not be representative of longterm exposure to vitamin D treatment, though our results add to the literature demonstrating the
short-term safety of intensive vitamin D treatment with both nutritional and activated vitamin D.
Total 25-hydroxy vitamin D levels are currently accepted as the barometer of vitamin D status
(1); however, it has been suggested that the free or bioavailable fraction of vitamin D provides a
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more reliable assessment of the vitamin D being used for cellular processes. Furthermore, there
is significant controversy as to how accurately systemic measurement of 25-hydroxy or 1,25dihyroxy vitamin D levels reflect local synthetic activity; nevertheless, our results reflect any
effects of the commonly used doses of vitamin D in clinical practice and thus increase
generalizability of our study (177). Our primary outcome was a surrogate marker, but changes in
CAT are independently associated with corresponding changes in cardiovascular risk (178).
Lastly, despite its modest size, the VITAH trial represents the largest prospective blinded,
randomized, placebo-controlled trial of intensive vitamin D therapy in ESKD patients to date.

In conclusion, six week treatment with either conventional or intensive vitamin D did not
alter measures of cardiac autonomic function in patients with end-stage kidney disease on
hemodialysis. Increased LF:HF, which may translate into decreased cardiovascular risk (35), was
observed in the vitamin D deficient subgroup, however this finding should be considered
hypothesis generating and requires further study.

131

Competing interests

This work was supported by a Heart and Stroke Foundation Grant-in-Aid and the
University of Calgary Division of Nephrology. Ms. MC Mann is supported by the Canadian
Institute of Health Research Doctoral Research Award as well as the University of Calgary
Achievers in Medical Science Graduate Recruitment Scholarship. Drs. DV Exner and BR
Hemmelgarn, Canadian Institutes of Health Research. Dr. DV Exner is the Canada Research
Chair in Cardiovascular Clinical Trials and receives unrestricted support from GE Healthcare. Dr.
SB Ahmed is supported by Alberta Innovates – Health Solutions. Drs. BR Hemmelgarn, JM
MacRae, SB Ahmed are supported by a joint initiative between Alberta Health and Wellness and
the Universities of Alberta and Calgary. Funding sources had no role in the design, conduct, or
reporting of this study. The authors declare no conflict of interest.

Authors’ contributions
Michelle Mann and Dr. Sofia Ahmed had full access to all study data and take
responsibility for the integrity and accuracy of any data analysis included herein. Michelle Mann
and Dr. Sofia Ahmed contributed equally to the manuscript.
Study concept and design: Mann, Exner, Hemmelgarn, Hanley, MacRae, and Ahmed
Acquisition, analysis, or interpretation of data: Mann, Turin, Ellis, Ramesh, Ahmed
Drafting of the manuscript: Mann, Ahmed
Critical revision of the manuscript: Exner, Hemmelgarn, Hanley, MacRae, Turin, Wheeler, Ellis,
Ahmed
Statistical analysis: Mann
Administrative, technical, or material support: Ellis
Study supervision: Exner, Hemmelgarn, Hanley, Ahmed

132

Acknowledgements
We acknowledge the study participants, nursing staff, nephrologists, biostatistician, and
the members of the Data Safety Monitoring Board for their contributions to the VITAH Trial.

133

134

CHAPTER 9: CONCLUSIONS
9.1 Summary of Findings
In both healthy humans and humans with mild to moderate CKD, vitamin D deficiency is
associated with poor cardiovagal activity which is then increased following 4 weeks of oral
vitamin D3 supplementation. This restoration and enhancement of cardioprotective vagal tone is
directly related to the increased serum levels of activated vitamin D (1,25(OH)D) due to
supplementation therapy and was reflective of improved cardiac ANS control. As the highest risk
group of subjects studied throughout this body of research, ESKD patients requiring
hemodialysis have not only poor cardiovagal activity but poor overall cardiosympathovagal
activity. In fact, all measures of CAT in this patient population are significantly suppressed
compared to healthier populations. ESKD subjects with vitamin D deficiency displayed the
greatest suppression of cardiosympathovagal activity compared to ESKD subjects with sufficient
levels of serum vitamin D. Following 6 weeks of activated vitamin D supplementation, vitamin
D deficient subjects experienced a significant enhancement of cardiosympathovagal tone.
Activated vitamin D supplementation presents a cost-effective therapeutic option which is
associated with a reduction in cardiovascular mortality and SCD, perhaps mostly due to its
ability to influence activity of the cardiac ANS.
9.2 Implications
These results suggest that the association observed between vitamin D deficiency and
increased risk of cardiovascular-related mortality and both healthy and CKD populations may be
in part driven by the direct influence that activated vitamin D has over activity of the cardiac
ANS. While clinical trials have been inadequately designed to effectively study the causal
relationships that may exist between vitamin D and cardiovascular-related mortality and SCD,
this body of work provides novel and promising evidence that vitamin D may reduce the risk of
death in this high-risk population in part due to its non-atherosclerotic, non-classical, arrhythmic
implications on the nervous system. Overall, activated vitamin D supplementation presents a
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cost-effective therapeutic option which is associated with a reduction in cardiovascular mortality
and SCD in healthy and CKD populations, perhaps mostly due to its ability to influence the
ability of the cardiac ANS to function more efficiently during acute and chronic vascular stress.
9.3 Recommendations for future research
Future clinical trials which would elucidate the efficacy of activated vitamin D analogues
in reducing the risk of cardiovascular- related death, specifically related to arrhythmias and
SCD, in the CKD and ESKD patient population are warranted. Further basic scientific study of
the molecular mechanisms and processes that may capture the direct effects of various activated
vitamin D analogues on neurons and neurotransmitters of the cardiac ANS would also be of
extreme interest. The overwhelming burden of cardiovascular mortality, altered CAT, and
chronic vitamin D deficiency carried by the CKD patient population, despite treatment of other
traditional risk factors, begs for greater emphasis on understanding the physiological
relationships which exist between these three critical factors.
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SUPPLEMENTARY MATERIAL
Table S1. MEDLINE Detailed Search Strategy
MEDLINE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

exp Kidney Failure, Chronic/
exp Kidney Diseases/
exp Renal Insufficiency/
renal replacement therapy/ or exp renal dialysis/ or exp hemofiltration/
(chronic kidney or chronic renal).tw.
(CKD or CKF or CRD or CRF or ESKD or ESRD or ESKF or ESRF).tw.
(predialysis or dialysis).tw.
(hemodialysis or haemodialysis).tw.
(CAPD or CCPD or APD).tw.
end-stage renal disease.tw.
(peritoneal dialysis or nocturnal dialysis).tw.
1 or 2 or 3 or 5 or 6 or 7 or 8 or 9 or 10 or 11
exp Vitamin D/
vitamin d.tw.
vitamin d2.tw.
vitamin d3.tw.
cholecalciferol.tw.
colecalciferol.tw.
Hydroxyc?olecalciferol.tw.
dihydrotachysterol.tw.
hydroxyvitamin.tw.
falecalcitriol.tw.
calcitriol.tw.
alphacalcidol.tw.
alfacalcidol.tw.
calcifedol.tw.
calcipotriol.tw.
epicalcitriol.tw.
lexacalcitol.tw.
seocalcitol.tw.
ergocalciferol.tw.
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32
33
34
35
36
37
38
39
40
41
42

ergocalciferols/ or 25-hydroxyvitamin d 2/
cholecalciferol/ or hydroxycholecalciferols/
exp 25-Hydroxyvitamin D3 1-alpha-Hydroxylase/ or exp Calcifediol/ or exp
Vitamin D/ or exp Cholecalciferol/ or exp Hydroxycholecalciferols/
13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or
27 or 28 or 29 or 30 or 31 or 32 or 33 or 34
(controlled clinical trial or randomized controlled trial or meta analysis).pt.
(placebo* or random* or trial* or groups).tw.
36 or 37
(hyperparathyroid$ or hyperphospat$).tw.
12 or 39
35 and 38 and 40
limit 41 to humans
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Table S2. Quality assessment using the Cochrane tool for assessing risk of bias
Author, Year
Alvarez, 2012

Random
Allocation
Sequence
Concealment
Generation
+
+

+

Complete
Outcome
Data
+

Blinding

Selective
Other
Outcome Sources of
Reporting
Bias
+
+

Coburn, 2004

+

?

+

-

-

-

Coyne, 2006

+

+

+

-

-

-

+

+

+

+

+

-

Delayne, 2013

?

?

-

-

-

-

Frazao, 2000

+

?

+

-

+

-

Hamdy, 1995

?

?

+

+

+

-

Hewitt, 2013

+

?

+

-

-

+

+

?

+

+

+

-

?

?

+

-

-

-

+

+

+

+

+

-

Wang, 2014

?

-

?

+

+

+

Wasse, 2012

+

+

+

+

+

-

de Zeeuw,
2010

Marckmann,
2012
Memmos,
1981
Thadhani,
2012
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