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Vitamin D deficiency has been linked to
cardiovascular disease and risk factors including
hypertension. The authors sought to determine
prevalence rates of hypertension in adults tested
for 25-bydroxyvitamin D categorized by their
levels and evaluate odds ratios for hypertension
at lower 25-hydroxyvitamin D levels compared
with optimal levels. A cross-sectional study was
conducted January 1, 2004, through December
31, 2006, of patients aged 18 years and older
within a large ethnically diverse population.
Diagnosis of hypertension was determined by
International Statistical Classification of Diseases
and Related Health Problems codes. Patients
were categorized into quartiles according to
25-bydroxyvitamin D levels: ideal (>40 ng/mL),
adequate (30-39 ng/mL), deficient (15-29
ng/mlL), and severely deficient (<15 ng/mL).
Prevalence rates of hypertension and odds ratios
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were calculated for each 25-bydroxyvitamin D
quartile, adjusting for age, sex, race, and renal
insufficiency. A total of 2722 individuals met the
inclusion criteria for the study. The overall
prevalence of hypertension in the study
population was 24%. Hypertension rates were
52%, 41%, 27%, and 20% in 25-bydroxyvitamin
D quartiles <15 ng/mL, 15 to 29 ng/mL, 30 to
39 ng/mL, and >40 ng/mL, respectively
(P<.001). Odds ratios (95% confidence intervals)
for hypertension adjusting for age, sex, race, and
renal insufficiency were 2.7 (1.4-5.2), 2.0
(1.5-2.6), and 1.3 (1.2-1.6) for 25-hydroxyvitamin
D levels <15 ng/mlL, 15 to 29 ng/mL, and 30 to
39 ng/mL, respectively, compared with the

>40 ng/mL group. This study demonstrates
increased rates of hypertension in individuals
who tested for lower levels of 25-bydroxyvitamin
D starting at levels <40 ng/mL. This
retrospective analysis raises the question of
whether supplementing to optimal vitamin D
levels can prevent or improve bypertenszon
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Vitamin D deficiency is widespread, affecting
up to 40% of the adult population in the
United States by some estimates.! Low levels of
vitamin D have been described with a multitude
of disease processes, including increased blood
pressure (BP), cardiovascular disease, and all-
cause mortality.”® A meta-analysis demon-
strated a 7% risk reduction in all-cause mortality
in patients who received vitamin D supple-
mentation compared with those who did not.°
Three studies evaluating data from the Third
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National Health and Nutrition Examination Sur-
vey (NHANES III) population and another study
in Norway of more than 4000 patients demon-
strated an inverse relationship between 25-hy-
droxyvitamin D (D25) levels and BP.”~'°

Longitudinal observations have also demon-
strated low vitamin D levels and increased risk of
incident hypertension.'*'* Furthermore, studies on
vitamin D supplementation have shown promise in
lowering BP.'*'® However, not all studies have
described such an effect of vitamin D supplementa-
tion.'1*** Additionally, other longitudinal obser-
vations failed to demonstrate greater incident
hypertension in patients with low vitamin D.'%**

Vitamin D has been shown to regulate the
renin-angiotensin-aldosterone system, suppress vas-
cular smooth muscle proliferation, inhibit parathy-
roid hormone (PTH) secretion, and regulate
calcium and phosphorous levels, which are all pos-
sible mechanisms by which vitamin D may impact
B 25-32

The putative mechanism of vitamin D on BP
stems from the effects of active 1,25 dihydroxyvita-
min D. However, the upstream D25 is generally a
more accurate indicator of vitamin D stores due to
its longer half-life and better correlation with PTH
levels.?**

An association between D25 levels and BP does
appear to exist but studies have been overall incon-
sistent in demonstrating an effect of vitamin D ther-
apy/supplementation on ameliorating hypertension
or reducing incidence. One of the reasons may be
the suboptimal dosing of vitamin D and the fact
that the studies were not necessarily treating to an
optimal level. Cross-sectional prevalence studies
also compared BP and hypertension rates based on
relative distribution of vitamin D levels rather than
by comparing rates across absolute levels.

Determining a correlation between decreased
D25 levels and increased rate of hypertension is of
particular interest because of the potential clinical
implications. The importance of further exploring
this relationship was the impetus for this study.
Using data from a large ethnically diverse inte-
grated health care system, we identified patients
who were tested for D25 and compared hyperten-
sion rates across different D25 levels.

METHODS

Study Population

Study participants were all members of the Kaiser
Permanente Southern California health plan, which
is an integrated health care system providing com-
prehensive care to more than 3.3 million members
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at 11 medical centers and 100 satellite clinics
and service sites throughout Southern California.
All members have similar coverage benefits for
health care services, including office visits, tests,
and medications. These data were collected as part
of normal health care operations. All health care
encounters are tracked using a common electronic
medical record database. This was a retrospective
cross-sectional study of eligible patients limited to
adults aged 18 years and older who had docu-
mented levels of D25 drawn between January 1,
2004, and December 31, 2006. D25 tests were
ordered and drawn as part of routine clinical prac-
tice for various clinical indications by health practi-
tioners. The study protocol was approved by the
Kaiser Permanente Southern California institutional
review board.

Identification of Hypertension

Diagnosed hypertension in study participants was
identified by inpatient and outpatient International
Statistical Classification of Diseases and Related
Health Problems (ICD) codes specific to hyperten-
sion. The accuracy of ICD coding for the diagnosis
of hypertension was internally validated by The
Permanente Medical Group (Rhonda Woodling
HTN Task Force). In 1999, the internal hyperten-
sion registry, totaling 386,710 patients, was used to
determine the positive predictive value (PPV) of
ICD coding for hypertension based on number of
times hypertension was coded. An individual who
had hypertension coded once had a PPV of 88.7%,
whereas someone coded at least twice had a PPV
of 98.1% (Table S1). Of the patients who were
identified as hypertensive in our study population,
95.5% had >2 hypertension ICD diagnoses. No
data or validation on the specificity of hypertension
exist to our knowledge within the Kaiser Perma-
nente Southern California database. Additionally,
actual BP measurement data were not available for
all individuals within the entire study population.

Exclusions

Exclusion criteria were determined to eliminate
causes of secondary hypertension, which can poten-
tially confound the relationship of D25 and hyper-
tension. Based on inpatient or outpatient ICD
diagnoses coding, secondary causes of hypertension
that were identified and excluded were patients
with sleep apnea (codes 327.23A, 327.23B,
327.23C, 327.23D); aldosteronism (codes 255.10A,
255.10B, 255.14A, 255.13B); renovascular disease
(codes 403.00B, 403.10, 403.90E, 403.90G,
403.90L, 405.91B, 405.11B, 405.01B); coarctation



of the aorta (codes 747.10A, 747.10B, 747.10C,
747,10D); Cushing’s syndrome (codes 255.0E,
255.0F, 255.0G, 255.3A, 255.3C, 255.3D); and
pheochromocytoma  (codes  194.0C, 194.0D,
227.0A).

Serum Vitamin D Analysis

All serum samples were analyzed using the Nichols
Advantage 25-OHD assay (Nichols Institute Diag-
nostics, San Clemente, CA) in which levels are deter-
mined by liquid chromatography with tandem mass
spectrometry. D25 results were categorized into pre-
determined quartiles based on the absolute D25 lev-
els rather than the population distribution. Optimal
levels of D25 for the prevention of various negative
health outcomes have not been clearly defined. As
D25 levels fall, calcium absorption decreases and
PTH levels rise. Thus, the maximal suppression of
PTH release by D235 is one criterion used to define
optimal D25 levels. PTH levels tend to rise at D25
levels <30 ng/mL. Thus, accepted normal D25 lev-
els are >30 ng/mL.>>*® More recent studies have
suggested that ideal serum levels of D25 to prevent
various negative health outcomes, including bony
fracture risk, colon cancer, and poor calcium absorp-
tion, are at levels of >40 ng/mL.z"%S’37 For this
study, we established the ideal plasma D25 level at
>40 ng/mL and as the reference group. The four
quartiles were categorized as ideal (>40 ng/mL),
adequate (30-39 ng/mL), deficient (15-29 ng/mL),
and severely deficient (<15 ng/mL).

Covariates

Data on age, sex, race, and renal insufficiency (RI)
were used in multivariate analyses to determine
odds ratios (ORs) for hypertension based on D25
quartiles. RI was defined based on an estimated
glomerular filtration rate (eGFR) <60 mL/min/
1.73 m? calculated by the abbreviated Modification
of Diet in Renal Disease (MDRD) study equa-
tion.>® Other laboratory data assessed included
serum calcium, phosphorous, and PTH levels. Body
mass index, smoking status, physical activity, and
other patient lifestyle habits such as salt intake and
sun exposure were not included in the analyses
because sufficient information was not available for
the entire study population.

Analyses

The goal of the study was to determine and com-
pare the rates of hypertension based on D25 levels
in individuals who had a clinical indication for a
D25 test. The primary end point was the adjusted
OR for hypertension within each D25 quartile

Table I. Baseline Demographics of the Study Population
No.
Age, mean, y 58.5 2722
Sex
Female, % 69.1 1881
Male, % 30.9 841
Race
White, % 56.0 1525
Black, % 11.4 310
Native American, % 0.1 2
Asian, % 7.6 208
Other, % 24.9 677
Parathyroid hormone, 76.6 1790
mean, pg/mL
Calcium, mean, mg/dL 9.4 2473
Phosphorous, mean, mg/dL 3.6 1888
Creatinine, mean, mg/dL 1.1 2721
25-hydroxyvitamin D, 47.7 2722
mean, ng/mL
<15, % 1.5 42
15-29, % 13.0 353
30-39, % 18.9 515
>40, % 66.6 1812
Glomerular filtration
rate, mL/min/1.73 m>
<60, % 23.1 630
>60, % 76.9 2092

compared with the ideal quartile using multivariate
logistic regressions analysis. The prevalence of
hypertension in each D25 quartile was also deter-
mined and comparisons made using analysis of
variance. The crude and adjusted ORs for hyper-
tension were calculated for each D25 quartile.
Adjusted ORs were generated after control for age,
sex, race (black vs non-black), and RI (defined as
eGFR <60 mL/min/1.73 m?). The quartile with
D25 >40 ng/mL was used as the reference group.
All statistical results were generated using SAS ver-
sion 9.13 (SAS Institute Inc, Cary, NC) statistical
software and results with P values <.05 were con-
sidered statistically significant.

RESULTS

A total of 2722 patients were identified to have a
documented D25 within the study period. The
study population characteristics are detailed in
Table I. Mean overall D25 level for the entire pop-
ulation was 48 ng/mL, and the majority had a
D25 level >40 ng/mL. The overall prevalence of
hypertension in the study population was 24%
(657 patients). Ninety-four percent of the individu-
als diagnosed with hypertension were coded on >3
separate visits. Only 4.5% had a single ICD code
for hypertension. Thus, >95% of the patients
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Table II. Baseline Demographics According to Vitamin D Quartile
D25 QUARTILE, NG/ML <15 (N=42) 15-29 (N=353) 30-39 (N=515) >40 (N=1812) P VALUE
Age, mean, y 59.7 63.7 61.5 56.7 <.0001
Sex
Female, % 52.4 57.8 64.9 72.9 <.0001
Male, % 47.6 42.2 35.1 27.1
Race
White, % 61.9 60.1 59.6 54.1 .0166
Black, % 21.4 11.6 9.7 11.6
Native Americans, % 0.2 0.2
Other, % 9.5 18.4 24.3 26.7
Parathyroid hormone, mean, pg/mL 95.3 126.7 75.1 66.5 <.0001
Calcium, mean, mg/dL 8.9 9.2 9.4 9.5 <.0001
Phosphorous, mean, mg/dL 4.5 3.9 3.7 3.4 <.0001
Estimated glomerular filtration rate, mL/min/1.73 m?
<60, % 73.8 49.6 28.0 15.5 <.0001
>60, % 26.2 50.4 72.0 84.5
Baseline demographics stratified by 25-hydroxyvitamin D (D25) quartiles. Analysis of variance used for comparisons across quartiles.

coded for hypertension had 98.1% PPV for an
accurate diagnosis of hypertension.

Baseline demographics stratified by D25 quar-
tiles are shown in Table II. RI was present in nearly
a quarter of the study population, as 77% of the
patients had an eGFR >60 mL/min/1.73 m?.
Patients in the highest D25 quartile were younger
and had a greater proportion of women. Patients in
the lowest D25 quartile had similar representation
of men and women. While average phosphorous
levels decreased with higher D25 quartiles, the rate
of RI patients decreased with higher D25 quartiles
(P<.0001).

The prevalence rate of hypertension within each
quartile increased in a graded manner with each
lower D25 quartile (Figure). Patients in the severely
deficient D25 quartile (<15 ng/mL) had the great-
est rate of hypertension (52.4% [n=22]). Patients in
the deficient quartile (15-29 ng/mL) had a 40.8%
(n=144) rate, followed by 27.2% (n=140) and
19.4% (n=351) hypertension rates in the adequate
(30-39 ng/mL) and ideal (>40 ng/mL) quartiles,
respectively (P<.0001).

Results of unadjusted and adjusted logistics
regression analyses are listed in Table IIl. The OR
for hypertension was inversely related to increasing
D25 quartiles. Compared with the ideal D25 quar-
tile (>40 ng/mL), the crude OR (95% confidence
interval [CI]) for hypertension in the adequate D25
quartile (30-39 ng/mL) was 1.55 (1.24-1.95). The
crude OR for hypertension was 2.87 (2.25-3.65)
and 4.58 (2.47-8.48) for D25 quartiles 15 ng/mL
to 29 ng/mL and <15 ng/mL, respectively, com-
pared with D25 quartile >40 ng/mL.

THE JOURNAL OF CLINICAL HYPERTENSION

In the multivariate analyses, adjusting for covari-
ates of age, race, sex, and RI, the OR remained sta-
tistically significant throughout the quartiles and
continued to demonstrate a graded increase with
lower quartiles of D25. The respective ORs for
hypertension were 1.29 (1.02-1.64), 2.00 (1.54-
2.59), and 2.70 (1.41-5.19) for quartiles 30 ng/mL
to 39 ng/mL, 15 to 29 ng/mL, and <15 ng/mL to
quartile >40 ng/mL (Table III). Age, race, and RI
were independently associated with increased OR
for hypertension as well. The OR for hypertension
was 1.66 (1.37-2.01) in patients older than
59 years compared with those 59 years and youn-
ger. In RI patients, the OR for hypertension was
2.18 (1.76-2.69) compared with those without RI
Black race also had an increased OR for hyperten-
sion (1.49 [1.13-1.97]). Male sex had a higher OR
for hypertension in the unadjusted analysis, but this
difference was not sustained on the multivariate-
adjusted logistic regressions analysis (1.21 [0.99-
1.47]).

DISCUSSION
At least 65 million people, accounting for more
than 30% in the United States and many more
throughout the world, are affected by hyperten-
sion.” Hypertension and its direct association with
cardiovascular outcomes and other organ damages
are well described.''>*°

This study evaluated patients who were tested
for D25 and thus had clinical indications for D25
testing. Nevertheless, within this study population
we observed greater rates and ORs for hyperten-
sion at lower levels of D25. The percentage of
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Figure. Rate of hypertension within vitamin D quartiles. The rate of hypertension within each quartile increased in a
graded manner with each lower 25-hydroxyvitamin D (D25) quartile. Patients in the severely deficient D25 quartile
(<15 ng/mL) had the greatest rate of hypertension (52.4%, n=22). Patients in the deficient quartile (15-29 ng/mlL)
had a 40.8% (n=144) rate, followed by 27.2% (n=140) and 19.4% (n=351) hypertension rates in the adequate
(30-39 ng/mlL) and ideal (>40 ng/mlL) quartiles, respectively (P<.0001).

Table III. Odds Ratios for Hypertension by Vitamin D Quartiles
Opbpbs Ratio (95% CoNFIDENCE INTERVAL) FOR HyPERTENSION USING
Locrstic REGRESSIONS
Opbbs Ratio ApjusTING FOR OTHER

EXPLANATORY VARIABLE Crubpe OpDs RaTtio Covariates WitHIN COLUMN
D25 <15 vs >40 4.58 (2.47-8.48) 2.70 (1.41-5.19)
D25 15-29 vs >40 2.87 (2.25-3.65) 2.00 (1.54-2.59)
D25 30-39 vs >40 1.55 (1.24-1.95) 1.29 (1.02-1.64)
D25 >40 1.0 (reference) 1.0 (reference)
Age, y

60-99 vs 0-59 2.06 (1.72-2.47) 1.66 (1.37-2.01)
Sex

Male vs female 1.33 (1.10-1.60) 1.21 (0.99-1.47)
Race

Black vs white 1.43 (1.10-1.806) 1.49 (1.13-1.97)
RI

eGFR <59 vs >60 mL/min/1.73 m” 3.06 (2.52-3.71) 2.18 (1.76-2.69)

patients with hypertension increased in a graded
manner, starting with the adequate D25 quartile
(30-39 ng/mL), and this percentage increased
lower levels of D25. Logistic regression analyses
after adjusting for age, sex, race, and RI revealed
that even patients with adequate D25 levels (30—
39 ng/mL) have a 30% increased risk for hyperten-
sion compared with patients with ideal D25 levels
(>40 ng/mL).

The prevalence of RI in the overall study popu-
lation was found to be 23%, and the rate of RI
increased with lower D25 quartiles. One systematic
review of 26 studies evaluating the prevalence of
chronic kidney disease (CKD) found that the med-
ian prevalence of CKD was 7.2% in the general

population aged 30 years and older with a 23% to
36% prevalence of CKD in patients 64 years and
older.*! Theoretically, depressed renal function
should not directly affect D25 levels since D25 is
upstream of the pathway, resulting in activation to
1,25-hydroxyvitamin D primarily within the kid-
ney. However, a higher prevalence of D25 defi-
ciency in CKD is well described.**™*" This is likely
due to the confounding of similar risk factors that
CKD patients have for vitamin D deficiency. CKD
patients are often instructed on low phosphorous
(less dairy) in their diet. Due to comorbidities, they
often have a more confined and sedentary lifestyle
with less sun and UV light exposure. Age-related
skin changes and gut absorption can often present
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in CKD patients and can decrease D25 synthesis or
absorption in the body."*

The hypertension rate was 24% in our study
population, which is similar to the NHANES III
population that reported a hypertension rate of
24% as well.* It is also noted that the average age
of our study population was older (58.5 years) with
a greater proportion of women (69%). This over-
representation of the elderly and women may be
related to individuals who have a propensity to
have D25 levels drawn and may not truly reflect
the general population. This selection bias is a
shortcoming of our cross-sectional analysis. Our
retrospective study identified and evaluated only
those who had a clinical indication for D235 testing.
Thus, this population may not be representative of
the general population within the health plan or
the United States. An illustration of that is the fact
that patients in the optimal quartile of vitamin D
(>40 ng/mL) were youngest. Additionally, our
study population did not distribute evenly across
our predefined quartiles and thus relative compari-
sons made not be entirely accurate given the dispar-
ity in actual number of patients in the quartiles.

Another shortcoming is the lack of data on con-
founders such as body mass index, smoking status,
and physical activity, which were not considered or
controlled in our analyses due to insufficient data
for the entire study population. We were unable to
capture data on vitamin D intake whether through
prescription, over-the-counter supplementation, or
diet. Thus, the potential class effect of vitamin D
supplementation could not be accounted for in our
study.

This study further supports a relationship between
D25 levels and hypertension. A similar evaluation of
the NHANES III population showed an inverse rela-
tionship between D25 levels and BP.”? The patients
in the lowest quintile of D25 had a 30% greater risk
of hypertension compared with those in the lowest
quintile of D25.® Jorde and colleagues'® also found
an inverse relationship between BP and D25 within a
population in Norway.

Two prospective cohort studies by Forman and
colleagues,'*'* which evaluated patients from the
Nurses” Health Study and Health Professionals’ Fol-
low-up Study, found several-fold increased risk for
developing hypertension in patients with D25 levels
<15 ng/mL  compared with D25 >30 ng/mlL.
Wang and colleagues'® demonstrated that women
with the highest dietary intake of vitamin D had a
lower risk of incident hypertension. However, Jorde
and colleagues'® had a different observation when
they evaluated D25 and incident hypertension in a
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large population from Norway. Their 15-year fol-
low-up study did not show a predictive risk of
future hypertension in those with lower baseline
D25 levels.

Interventions with vitamin D on BP have also
been described. Pfeifer and colleagues'® demon-
strated that supplementation of calcium and D25
was more effective in lowering BP than calcium
alone. Elderly women who received 800 IU of D25
daily with calcium helped to decrease systolic BP
by 9.3%. Others have also shown vitamin D sup-
plementation and favorable BP outcomes.'”'® Krause
and colleagues®® showed that regular exposure to
UV-B light decreased BP by 6 mm Hg, which is
presumably due to a vitamin D-related mechanism.
Conversely, more negative results from studies have
been reported where the impact of vitamin D
intake on BP failed to be demonstrated.'"'*** We
feel that suboptimal dosing of vitamin D may be
one of the reasons. For instance, Women’s Health
Initiative participants were taking a mere 400 IU of
cholecalciferol daily.”> Most studies did not treat
patients to an optimal goal level of D25 but had
them take a modest dose. Cross-sectional preva-
lence studies also compared BP and hypertension
rates based on relative distribution of vitamin D
levels rather than by comparing rates across prede-
termined levels.

The mechanism of vitamin D impacting BP is
not well understood and has not been definitively
elucidated. Vitamin D-deficient patients have been
shown to have impaired calcium homeostasis,”!
and low calcium can contribute to hypertension.’!
The abnormal transcellular fluxes in calcium levels
caused by vitamin D deficiency has also been
shown to increase vascular smooth muscle tone.°
High PTH levels have also been shown to increase
arterial BP and cause vascular stiffness.”*> Patients
in our study with lower D25 had higher phospho-
rous and PTH levels along with lower calcium lev-
els, compared with those with adequate and
optimal levels of D25.

The renin-angiotensin system is important in
BP by its effects on both volume regulation and
vasoconstriction. Vitamin D has been shown to
downregulate the renin-angiotensin system in sev-
eral animal models.>>***> A study by Li and col-
leagues®® demonstrated that 1,25-dihydroxyvitamin
D receptor-null mice have increased renin expres-
sion and increased angiotensin II levels, resulting in
higher arterial pressures and cardiac hypertrophy.
The same study showed that effectively depriving
rats of 1,25-dihydroxyvitamin D results in higher
renin levels and higher arterial BPs.



Vitamin D receptors are present on various tis-
sues such as leukocytes, vascular smooth muscle
cells, endothelial cells, and juxtaglomerular cells.
These cell lines can affect systemic BP.*>*? Vitamin
D can directly suppress vascular smooth muscle cell
proliferation and epidermal growth factor.”> Ade-
quate vitamin D levels can prevent vascular smooth
muscle contraction and increase arterial compli-
ance, causing a possible vasodilatory effect on
blood vessels.”>*”*® It has also been shown to
improve endothelial function.'” These protective or
beneficial mechanisms can be potentially compro-
mised with lower vitamin D levels.

CONCLUSIONS

In order to reduce complications of hypertension,
including cardiovascular events, renal failure, heart
disease, and cerebrovascular events, it is important
to identify potentially modifiable risk factors for
hypertension. Previous observational studies and
interventions with vitamin D have been intriguing
due to its implications on hypertension. Yet other
studies have failed to demonstrate any relationship
between vitamin D deficiency and BP. While our
retrospective study observed higher rates of hyper-
tension in patients with suboptimal levels of D25
levels, we feel that it lends support to an important
question, and that is whether vitamin D supplemen-
tation should be targeted to certain goal levels. Fur-
ther studies need to be performed to determine
whether detection and optimization of D25 levels
>40 ng/mL may help to prevent or ameliorate
hypertension.
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