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ABSTRACT
Background: Observational studies report higher blood pressure
(BP) among individuals with lower 25-hydroxyvitamin D concentration. Whether dosage of vitamin D supplementation has a differential
effect on BP control remains unclear.
Objective: The study aimed to determine if daily vitamin D
supplementation with 2000 IU is more effective than 800 IU for BP
control among older adults.
Methods: This randomized, double-blind, ancillary trial of the
Zurich Multiple Endpoint Vitamin D Trial in Knee Osteoarthritis
enrolled adults aged ≥60 y who underwent elective surgery due to
severe knee osteoarthritis. Participants were randomly assigned to
receive high dose (2000 IU) or standard dose (800 IU) daily vitamin
D3 for 24 mo. Outcomes included daytime and 24-h mean systolic
BP. BP variability and serum 25-hydroxyvitamin D concentration
were examined in a post hoc and observational analysis.
Results: Of the 273 participants randomly assigned, 250 participants
completed a follow-up 24-h ambulatory BP monitoring (mean
age: 70.4 ± 6.4 y; 47.2% men). The difference in daytime mean
systolic BP reduction between the 2000 IU (n = 123) and 800 IU
(n = 127) groups was not statistically significant (−2.75 mm Hg
vs. −3.94 mm Hg; difference: 1.18 mm Hg; 95% CI: −0.68, 3.05;
P = 0.21), consistent with 24-h mean systolic BP. However, systolic
BP variability was significantly reduced with 2000 IU (average real
variability: −0.37 mm Hg) compared to 800 IU vitamin D3 (0.11 mm
Hg; difference: −0.48 mm Hg; 95% CI: −0.94, −0.01; P = 0.045).
Independent of group allocation, maximal reductions in mean BP
were observed at 28.7 ng/mL of achieved serum 25-hydroxyvitamin
D concentrations.
Conclusions: While daily 2000 IU and 800 IU vitamin D3 reduced
mean systolic BP over 2 y to a small and similar extent, 2000 IU
reduced mean systolic BP variability significantly more compared
with 800 IU. However, without a placebo control group we cannot
ascertain whether vitamin D supplementation effectively reduces BP.
This trial was registered at www.clinicaltrials.gov as NCT00599807.
Am J Clin Nutr 2020;112:527–537.
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Introduction
High blood pressure (BP) is a major risk factor for cardiovascular events (1, 2) and is the biggest single contributor to the global
burden of disease and mortality (3). At the same time, it has been
suggested that ∼50% of senior adults are vitamin D deficient, and
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Methods
Participants and study design
The Zurich Multiple Endpoint Vitamin D Trial in Knee
Osteoarthritis study was a 24-mo randomized (1:1) doubleblind clinical trial testing the impact of daily high dose vitamin
D on recovery after unilateral total knee joint replacement
(NCT00599807; clinicaltrials.gov) (21). Data were collected
from January 2008 to March 2014 at the Centre on Aging and
Mobility at the University Hospital Zurich. Eligible participants
were adults aged ≥60 y who underwent elective surgery for
unilateral knee replacement due to severe knee osteoarthritis,

without a planned bilateral knee replacement within the next
2 y. Participants were randomly assigned to either a single
capsule of 2000 IU or 800 IU vitamin D3 supplementation/d.
Additionally, all participants received a 500 mg supplement of
calcium/d (calcium carbonate). Daily 2000 IU vitamin D did not
improve pain and disability following unilateral total knee joint
replacement in the main trial (21). The present study reports
a predefined secondary endpoint relating to BP change as an
ancillary trial of the Zurich Multiple Endpoint Vitamin D Trial
in Knee Osteoarthritis study.
Ethics
The study was performed in accordance with the principles
outlined in the Declaration of Helsinki, and all participants gave
their written informed consent to the study, which was approved
by the Cantonal Ethical Commission of Zurich, Switzerland
(protocol identifier STZ 20/07).
Outcome variables
24-hour BP.
The primary outcome variables were systolic daytime and
24-h BP. We used home-based 24-h ambulatory BP monitoring
according to the most recent guidelines, which recommend the
use of 24-h ambulatory or home BP monitoring to confirm
hypertension (22–24). In 2011, the guidelines of the method
for diagnosing hypertension were refined based on results of
a systematic review (22) and a subsequent independent metaanalysis (25) showing that ambulatory or home BP monitoring
was better than clinic measures in predicting subsequent risk of
cardiovascular events (22, 26).
Systolic and diastolic BP were monitored every 20 min
during the day and every hour during individually defined sleep
periods by a home-based ambulatory BP monitor (Spacelabs
90217; Spacelabs Healthcare™) for 24 h at 6–8 wk after surgery
(baseline), then again at 1 and 2 y. For statistical analysis, we
used the mean day, night, and 24-h systolic and diastolic BP as
the outcome variables by averaging all BP measurements within
the period. Daytime and 24-h systolic BP were the focus of this
investigation, as these measures are known to be most responsive
to treatments for hypertension.
As a post hoc analysis, short-term BP variability (i.e., withinday BP variance) was assessed using the average real variability
(ARV) index, which calculates the average of absolute changes
in consecutive BP readings (27), as follows
ARV =

N−1

1
|BPk+1 − BPk |
N−1 k=1

(1)

where N represents the total number of BP measurements and BPk
the kth BP recording for a given individual.
Serum 25(OH)D concentration.
In an observational analysis, a secondary outcome variable of
achieved 25(OH)D concentration was examined. Fasting blood
samples were taken in the morning when the participant arrived
at the study center. Serum 25(OH)D concentration was measured
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several large cohort studies link vitamin D deficiency to incident
hypertension (4–8).
Vitamin D may influence BP through several mechanistic
pathways. First, animal studies have shown that vitamin D
receptor knock-out mice have 2.5-fold increased angiotensin
II, a potent vasoconstrictor, which leads to the development
of hypertension in these mice (9). Second, among humans,
vitamin D receptors have been found in smooth muscle cells
and endothelial cells (10), supported by 1 clinical trial among
diabetic patients in which vitamin D supplementation reduced
the proliferation of vascular endothelial cells (11). Third, lower
25-hydroxyvitamin D [25(OH)D] status has been associated
with higher plasma renin (12), a main driver of hypertension.
Finally, vitamin D deficiency has been suggested to have antiinflammatory and thereby antiatherosclerotic benefits (13).
Despite these data linking vitamin D to several mechanistic
pathways of BP regulation and large epidemiological studies in
which lower 25(OH)D status was associated with higher systolic
BP, incident hypertension, and increased cardiovascular mortality
(4, 14), clinical trials on the effect of vitamin D supplementation
on BP have shown conflicting results. Some clinical trials have
demonstrated vitamin D supplementation to be beneficial for
cardiovascular disease risk markers (15) and systolic BP control
(16). In contrast, 2 meta-analyses did not support an effect of
vitamin D supplementation on systolic BP (17, 18). The null
findings may be explained by the fact that the studies included
many relatively healthy, younger participants and used officemeasured BP (17, 18). Persons with knee osteoarthritis have a
13% higher chance of developing hypertension, possibly due to
modifications of extracellular matrix leading to reduced elasticity
of blood vessels as well as low physical activity, for which
vitamin D on BP might have a different efficacy profile (19).
Office-measured BP is vulnerable to white-coat reaction and is
often poorly performed in clinical practice (20). Our study is
unique in that it used 24-h ambulatory BP monitoring to get a
more accurate recording of mean BP and that it contains the
added outcome of BP variability. The effect of vitamin D on BP
variability has not been explored to the best of our knowledge,
offering a unique contribution to nutritional science.
We therefore assessed the efficacy of daily high dose vitamin
D3 supplementation, 2000 IU, compared with the standard of
care, 800 IU, for lowering mean systolic BP among adults
aged ≥60 y. A post hoc analysis was conducted to explore
the effect of vitamin D dose on BP variability. Furthermore, in
an observational aim, we examined the relation between serum
25(OH)D and changes in systolic BP.

Vitamin D on blood pressure among older adults
1500 patients assessed for eligibility

1481 underwent unilateral knee replacement

280 underwent screening visit

471 excluded:
12 contralateral knee already replaced
17 high alcohol intake
45 high vitamin D supplementation
3 creatinine clearance < 30 ml/min
78 unfavorable medical history
94 concomitant medication
58 other reasons
63 planned 2nd knee replacement
24 planned long stay at sunny location
71 no German language skills
2 not community-dwelling
3 postoperative complications
1 special rehabilitation
7 excluded:
3 unfavorable medical history
1 no German language skills
1 hypercalcemia
1 no pre-surgery questionnaire
1 knee replacement surgery postponed

273 randomly assigned

136 randomly assigned to receive
800 IU vitamin D
134 with 24-h BP at baseline
119 with 24-h BP at year 1

137 randomly assigned to receive
2000 IU vitamin D
134 with 24-h BP at baseline
116 with 24-h BP at year 1

26 dropped out
6 did not want to continue
3 died
3 for health reasons
1 no longer accessible
13 administrative reason

21 dropped out
6 did not want to continue
1 died
14 administrative reason

115 completed the protocol

111 completed the protocol

114 with 24-h BP at year2

105 with 24-h BP at year2

127 with baseline and ≥1 follow-up
24-h BP measurement
included in analyses

123 with baseline and ≥1 follow-up
24-h BP measurement
included in analyses

FIGURE 1 Study flow diagram. BP, blood pressure.

at baseline, 1-y, and 2-y visits using the Lumipulse G 25(OH)
vitamin D assay on the Lumipulse G 1200 system from Fujirebio.
The intra-assay CV% of the Fujirebio 25(OH)D assay for 20
replicates of quality-control samples was 3.4%, 1.6%, and 1.3%
for mean 25(OH)D values of 11.0 ng/mL, 31.8 ng/mL, and 71.7
ng/mL, respectively, and 4.6%, 2.6%, and 2.4% after 20 d (28).
Furthermore, the Fujirebio assay showed a higher correlation
with LC–tandem MS (R = 0.986) than assays available from
Abbott, Beckman, or Roche.

Assessment of covariates
Age, sex, and prevalence of diabetes were assessed at baseline
by questionnaires. BMI (in kg/m2 ) was calculated at baseline
as weight divided by height squared. Prevalent hypertension
was assessed using a questionnaire administered by the study
physician at the baseline assessment. In addition, use of
antihypertensive drugs was extensively assessed at each clinical
visit: baseline, 12, and 24 mo. Physical activity during the
24-h BP measurement was assessed by self-reported activity
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TABLE 1 Baseline characteristics of treatment groups1

Characteristics

2000 IU (n = 123)

800 IU (n = 127)

70.4 ± 6.4
118 (47.2)
18.3 ± 8.2
27.2 (3.9)
115 (46.9)
15 (6.0)

70.3 ± 6.8
63 (51.2)
18.3 ± 7.9
27.6 (3.6)
61 (50.8)
9 (7.3)

70.5 ± 5.9
55 (43.3)
18.2 ± 8.5
26.8 (4.1)
54 (43.2)
6 (4.8)

2.4 ± 0.2
2.2 ± 0.2
132.9
119.1
130.5
79.4
67.8
77.3

±
±
±
±
±
±

2.4 ± 0.2)
2.2 ± 0.2

12.8
13.4
12.4
8.0
7.9
7.7

131.9
119.2
129.7
79.1
68.2
77.2

10.8 ± 2.1
7.4 ± 1.6

±
±
±
±
±
±

12.4
13.3
12.1
7.8
8.1
7.6

10.9 ± 2.1
7.4 ± 1.5

2.4 ± 0.2
2.2 ± 0.2
133.8
119.1
131.2
79.6
68.2
77.2

±
±
±
±
±
±

13.2
13.5
12.7
8.1
8.1
7.6

10.7 ± 2.1
7.4 ± 1.6

1 One

participant was missing night systolic and night diastolic BP. Two participants were missing ARV, one in each treatment group, due to insufficient
number of valid recordings. ARV, average real variability; BP, blood pressure; 25(OH)D, 25-hydroxyvitamin D.
2 Assessed by questionnaire at baseline, total n = 245.
3 Self-reported activity at each BP recording: 1 = sleeping, 2 = sitting or lying activity, 3 = light activity (i.e., slow walking), 4 = moderate to vigorous
activity (i.e., running, climbing stairs), and 5 = special activity (unusual/strong excitement).

during waking hours. Participants recorded their activity for each
BP measurement and rated the activity level in 5 categories:
1 = sleeping, 2 = sitting or lying activity, 3 = light activity
(i.e., slow walking), 4 = moderate to vigorous activity (i.e.,
running, climbing stairs), and 5 = special activity (unusual/strong
excitement). Activity recordings were averaged for both daytime
and 24-h measurement periods.

Statistical analysis
Changes in day, night, and overall 24-h systolic and diastolic
BP and systolic ARV from baseline were evaluated in a linear
mixed model with random intercepts for each subject to allow
for serial correlation of BP recordings at 1 and 2 y. All models
were adjusted for age, sex, BMI, diabetes, hypertension, activity
(for daytime and 24-h models), and baseline BP. To examine the
prospective improvements among treatment groups, indicators
for time, treatment group, and the interaction between time and
treatment group were included. Two versions of BP variability
models were examined: the first unadjusted for mean systolic
BP and the second adjusted for mean systolic BP to determine
if any potential changes in BP variability were dependent on
mean BP. Sensitivity analyses were conducted for all models
whereby we further adjusted for a time-dependent indicator
variable for the use of any antihypertensive medication. An
observational analysis was conducted to investigate the relation
of achieved 25(OH)D serum concentration and daytime systolic
BP 1-y change from baseline. A nonparametric LOESS (locally
estimated scatterplot smoothing) curve with 75% smoothing
and 95% CI bands was plotted. All statistical analyses were
performed using SAS version 9.4 (SAS Institute, Inc.) and R

version 3.5.0 (R Core Team) with a 2-sided P-value <0.05
considered statistically significant.

Results
Participants
The trial enrolled 273 participants, of whom 254 (93.0%)
completed the 12-mo visit and 226 (82.8%) completed the 24-mo
visit (21). Of those participants completing visits, noncompliance
by refusing to wear the 24-h BP-monitoring device occurred
in 5 participants at baseline (1.8%), 19 participants at 12 mo
(7.5%), and 7 participants at 24 mo (3.1%) (Figure 1). Of the
250 participants with baseline and ≥1 follow-up BP recording,
127 (50.8%) received the 800 IU standard dose and 123 (49.2%)
received the 2000 IU high dose. Covariate information was
missing for 6 participants (2.4%).
Baseline characteristics of the 250 participants included in
the analysis (mean ± SD age: 70.4 ± 6.4 y; 47.2% males) are
presented overall and by treatment group in Table 1. The mean ±
SD 25(OH)D concentration was 18.3 ± 8.2 ng/mL and 56.8% of
the participants were vitamin D deficient [25(OH)D <20 ng/mL]
at baseline. Half of the participants (46.9%) were hypertensive
at baseline. Mean ± SD daytime systolic BP was 132.9 ± 12.8
(24-h ARV: 10.8 ± 2.1) mm Hg and diastolic BP was 79.4 ± 8.0
(24-h ARV: 7.4 ± 1.6) mm Hg. One participant was missing night
systolic and diastolic BP. On average, 41.9 ± 7.6 daytime, 8.6 ±
2.5 nighttime, and 50.5 ± 7.8 24-h BP recordings were obtained
for each participant. There were no statistically significant
differences in the number of people taking antihypertensive
drugs, the mean number of antihypertensive drug classes, or the
number of people taking any particular class of antihypertensive
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Age, mean ± SD, y
Male, n (%)
25(OH)D, mean ± SD, ng/mL
BMI, mean ± SD, kg/m2
Hypertension,2 n (%)
Diabetes, n (%)
Activity,3 mean ± SD
Day
24-h
BP, mean ± SD, mm Hg
Systolic day
Systolic night
Systolic 24-h
Diastolic day
Diastolic night
Diastolic 24-h
BP ARV, mean ± SD, mm Hg
Systolic
Diastolic

Vitamin D

Total participants
(n = 250)

531

Vitamin D on blood pressure among older adults
TABLE 2 Antihypertensive drug use1
Vitamin D
2000 IU

800 IU

P2

268
128 (47.8)
1.9 ± 0.9

134
67 (50.0)
1.9 ± 0.9

134
61 (45.5)
1.9 ± 0.9

0.46
0.96

67 (25.0)
58 (21.6)
56 (20.9)
32 (11.9)
30 (11.2)
3 (1.1)
1 (0.4)

32 (23.9)
29 (21.6)
29 (21.6)
19 (14.2)
16 (11.9)
3 (2.2)
1 (0.8)

35 (26.1)
29 (21.6)
27 (20.2)
13 (9.7)
14 (10.5)
0 (0.0)
0 (0.0)

0.67
0.99
0.76
0.26
0.70
0.25
0.99

236
120 (50.9)
2.0 ± 0.9

116
61 (52.6)
2.0 ± 0.9

119
59 (49.6)
1.9 ± 1.0

0.56
0.40

68 (28.8)
52 (22.0)
50 (21.2)
32 (13.6)
30 (12.7)
2 (0.9)
2 (0.9)

35 (30.2)
26 (22.4)
28 (24.1)
17 (14.7)
14 (12.1)
2 (1.7)
1 (0.9)

33 (27.7)
26 (21.9)
22 (18.5)
15 (12.6)
16 (13.5)
0 (0.0)
1 (0.8)

0.68
0.92
0.29
0.65
0.75
0.15
0.99

219
118 (53.9)
1.9 ± 0.9

105
59 (56.2)
2.0 ± 0.9

114
59 (51.8)
1.9 ± 1.0

0.51
0.76

57 (26.0)
53 (24.2)
46 (21.0)
28 (12.8)
36 (16.4)
4 (1.8)
3 (1.4)

28 (26.7)
27 (25.7)
24 (22.9)
13 (12.4)
18 (17.1)
4 (3.8)
1 (1.0)

29 (25.4)
26 (22.8)
22 (19.3)
15 (13.2)
18 (15.8)
0 (0.0)
2 (1.8)

0.84
0.62
0.52
0.86
0.79
0.05
0.99

1 The table displays antihypertensive drug data among participants with measured 24-h blood pressure. Medications taken as needed were excluded. All
medications were coded according to the following Anatomical Therapeutic Chemical Classification (ATC) codes: C01D (vasodilators), C02
(antihypertensives), C03 (diuretics), C04 (peripheral vasodilators), C07 (B-blockers), C08 (calcium channel blockers), C09A (ACE inhibitors), C09C
(angiotensin II receptor blockers), and C09X (renin inhibitors) (29). ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blockers;
B-Blockers, beta blockers.
2 P values were obtained using Fisher’s exact test for the antihypertensive drug classes vasodilator and renin inhibitors at all 3 time points.
3 Average number of antihypertensive drug classes taken among participants taking ≥1 antihypertensive drug.

drugs between treatment groups, at any of the 3 time points
(Table 2). The most frequently used antihypertensive drugs were
diuretics (25.0%), angiotensin II receptor blockers (21.6%), and
B-blockers (20.9%). Twenty participants, 10 in each treatment
group, initiated antihypertensive drugs during the course of the
study (P = 0.94 between treatment groups). Adherence, as
defined by ≥80% adherent to the vitamin D study medication,
was achieved by 93% of participants in the 800 IU group and
92% in the 2000 IU group.
Primary endpoint of BP by treatment group
Absolute average yearly changes in BP by treatment group
are presented in Figure 2. Adjusted changes in BP by treatment

group at years 1 and 2 are displayed in Table 3. Treatment with
2000 IU/d produced a 2.75-mm Hg reduction (95% CI: −4.07,
−1.43), while treatment with 800 IU/d produced a 3.94-mm
Hg reduction (95% CI: −5.23, −2.64) in daytime systolic BP
throughout the entire 2-y follow-up. However, the difference of
reductions in daytime systolic BP was not statistically significant
between treatment groups (difference: 1.18 mm Hg; 95% CI:
−0.68, 3.05; P = 0.22). There were modest reductions in
daytime diastolic BP for both treatment groups (2000 IU: −1.53
mm Hg; 95% CI: −2.28, −0.78; 800 IU: −2.51 mm Hg;
95% CI: −3.25, −1.78), although similarly, these reductions in
daytime diastolic BP were not statistically significant between
treatment groups (difference: 0.98 mm Hg; 95% CI: −0.07,
2.04; P = 0.06). Analyses including the time-dependent variable
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Baseline
n
Taking any antihypertensive drug, n (%)
Number of antihypertensive drug classes,3 mean ± SD
Class of antihypertensive drug, n (%)
Diuretics
ARBs
B-Blockers
ACE inhibitors
Calcium channel blockers
Vasodilator
Renin inhibitors
Year 1
n
Taking any antihypertensive drug, n (%)
Number of antihypertensive drug classes,3 mean ± SD
Class of antihypertensive drug, n (%)
Diuretics
ARBs
B-Blockers
ACE inhibitors
Calcium channel blockers
Vasodilator
Renin inhibitors
Year 2
n
Taking any antihypertensive drug, n (%)
Number of antihypertensive drug classes,3 mean ± SD
Class of antihypertensive drug, n (%)
Diuretics
ARBs
B-Blockers
ACE inhibitors
Calcium channel blockers
Vasodilator
Renin inhibitors

Overall
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B. Diastolic
Average yearly change, mm Hg

2
0
−2
−4
−6
−8

2
0
−2
−4
Day
Night
24 Hour

−6
−8

800 IU

2000 IU

800 IU

Treatment Group

2000 IU

Treatment Group

FIGURE 2 (A, B) Absolute changes in blood pressure with 800 IU and 2000 IU daily vitamin D supplementation. Absolute average yearly changes in
systolic and diastolic blood pressure by treatment group are shown. Sample sizes for panel A (systolic): day (800 IU: n = 127; 2000 IU: n = 123), night (800
IU: n = 125; 2000 IU: n = 123), and 24 h (800 IU: n = 127; 2000 IU: n = 123); panel B (diastolic): day (800 IU: n = 127; 2000 IU: n = 123), night (800 IU:
n = 125; 2000 IU: n = 123), and 24 h (800 IU: n = 127; 2000 IU: n = 123). Error bars represent 95% confidence limits around the mean.

for antihypertensive drug usage resulted in an attenuation of
the reduction in mean systolic daytime BP (2000 IU: −2.61
mm Hg; 95% CI: −3.91, −1.30; 800 IU: −3.75 mm Hg; 95%
CI: −5.03, −2.46); however this did not principally change the
final result (difference: 1.14 mm Hg; 95% CI: −0.70, 2.98;
P = 0.22). A similar result followed for 24-h mean systolic BP.
We also analyzed the effects of 2000 and 800 IU/d of vitamin
D on BP among the 56.8% of participants who were vitamin
D deficient at baseline and separately among hypertensive and
normotensive participants. There were no statistically significant
differences between treatment effects in these subgroups (vitamin
D deficient: 0.72 mm Hg; 95% CI: −1.75, 3.19; P = 0.57;
hypertensive: 1.70 mm Hg; 95% CI: −1.43, 4.83; P = 0.29;
normotensive: 0.40 mm Hg; 95% CI: −1.88, 2.68; P = 0.73).

BP variability by treatment group
Systolic BP variability was significantly reduced in the 2000
IU group (mean yearly change from baseline: −0.37 mm Hg;
95% CI: −0.70, −0.04) compared with the 800 IU group (0.11
mm Hg; 95% CI: −0.21, 0.43; difference: −0.48 mm Hg; 95%
CI: −0.94, −0.01; P = 0.04) (Figure 3). Including mean 24-h
systolic BP in BP variability models did not change the results,
indicating the reduction in systolic BP variability attributed to
the 2000 IU vitamin D group was independent of BP. Adjusting
for time dependent antihypertensive drug usage did not change
the results (e.g., systolic ARV: −0.48 mm Hg; 95% CI: −0.94,
−0.01; P = 0.05).

BP reduction by achieved 25(OH)D concentration
Daytime systolic BP change plotted by serum 25(OH)D
concentration using LOESS smoothing is displayed in Figure
4. The shaded region represents the 95% CI bands. Greater BP
reductions were observed when moving from deplete 25(OH)D

concentrations to a maximal reduction at 28.7 ng/mL. At
25(OH)D concentrations > 28.7 ng/mL, the observed reductions
in BP are lost. This clear dip in both changes to daytime and
24-h systolic BP at ∼28.7 ng/mL serum 25(OH)D represents
the lowest BP reductions observed, with possible bias due
to confounding of this particular study sample. An achieved
concentration of 28.7 ng/mL 25(OH)D was associated with a
−6.01 mm Hg (95% CI: −8.20, −3.82) decrease in daytime
systolic BP and a −5.93 mm Hg (95% CI: −8.05, −3.80)
decrease in 24-h systolic BP compared with the individual’s
baseline BP. The percentage of participants in each treatment
group by quartile of achieved 25(OH)D is presented in Figure 5
to support the interpretation of all results.

Discussion
In this trial, a 2-y course of 2000 IU vitamin D/d did not show
a greater benefit or harm in terms of BP reduction compared
with a standard dose of 800 IU vitamin D/d among adults aged
≥60 y following total unilateral knee replacement. Notably, both
treatment groups experienced a significant and similar reduction
in day, night, and 24-h systolic and diastolic BP. Only in a post
hoc analysis, 2000 IU compared with 800 IU appeared to be
significantly more effective in decreasing systolic BP variability
by nearly 0.5 mm Hg, consistent with a 4.4% decrease. In
order to further explore BP control with regard to achieved
25(OH)D status, our observational study suggested that a target
concentration of 28.7 ng/mL may be associated with maximal BP
reduction, independent of treatment dose.
High short-term BP variability is associated with subclinical
damage to organs including the heart, kidney, and vessels
independent of mean BP levels (30–32). Further, high ARV
is associated with greater prevalence of cerebral small vessel
disease, a relevant contributor to stroke and cognitive decline in
older adults (OR: 1.27; 95% CI: 1.14, 1.42) as well as all-cause
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TABLE 3 Effect of 800 IU and 2000 IU daily vitamin D supplementation on blood pressure1
Vitamin D
Blood pressure, mm Hg

800 IU (n = 127)

Difference (95% CI)2

P

131.86 ± 12.37
− 2.89 (−4.40, −1.37)
− 2.62 (−4.20, −1.03)
− 2.75 (−4.07, −1.43)

133.85 ± 13.17
− 4.22 (−5.72, −2.72)
− 3.65 (−5.19, −2.11)
− 3.94 (−5.23, −2.64)

− 1.99 (−5.17, 1.20)
1.33 (−0.81, 3.48)
1.04 (−1.19, 3.26)
1.18 (−0.68, 3.05)

0.22
0.22
0.36
0.21

119.16 ± 13.26
− 4.93 (−6.64, −3.22)
− 4.73 (−6.53, −2.94)
− 4.83 (−6.34, −3.33)

119.12 ± 13.51
− 6.25 (−7.96, −4.55)
− 4.32 (−6.07, −2.58)
− 5.29 (−6.77, −3.80)

0.04 (−3.31, 3.38)
1.32 (−1.10, 3.74)
− 0.41 (−2.92, 2.10)
0.46 (−1.67, 2.58)

0.98
0.28
0.75
0.67

129.75 ± 12.10
− 3.24 (−4.68, −1.79)
− 2.88 (−4.39, −1.38)
− 3.06 (−4.32, −1.80)

131.23 ± 12.70
− 4.37 (−5.80, −2.93)
− 3.53 (−5.00, −2.06)
− 3.95 (−5.18, −2.71)

− 1.49 (−4.58, 1.60)
1.13 (−0.91, 3.17)
0.64 (−1.47, 2.76)
0.88 (−0.89, −2.66)

0.34
0.28
0.55
0.33

79.10 ± 7.79
− 1.34 (−2.19, −0.50)
− 1.72 (−2.60, −0.83)
− 1.53 (−2.28, 0.78)

79.64 ± 8.13
− 2.32 (−3.16, −1.48)
− 2.70 (−3.56, −1.84)
− 2.51 (−3.25, −1.78)

− 0.54 (−2.52, 1.45)
0.98 (−0.22, 2.18)
0.99 (−0.25, 2.23)
0.98 (−0.07, 2.04)

0.59
0.11
0.12
0.07

68.21 ± 8.10
− 2.00 (−3.09, −0.91)
− 2.16 (−3.31, −1.01)
− 2.08 (−3.03, −1.13)

67.37 ± 7.61
− 2.35 (−3.44, −1.26)
− 2.45 (−3.56, −1.33)
− 2.40 (−3.34, −1.46)

0.84 (−1.12, 2.81)
0.35 (−1.19, 1.90)
0.29 (−1.32, 1.89)
0.32 (−1.02, 1.66)

0.40
0.65
0.73
0.64

77.20 ± 7.59
− 1.43 (−2.24, −0.62)
− 1.67 (−2.52, −0.83)
− 1.55 (−2.27, −0.83)

77.46 ± 7.80
− 2.17 (−2.98, −1.37)
− 2.49 (−3.31, −1.66)
− 2.33 (−3.04, −1.62)

− 0.26 (−2.17, 1.66)
0.74 (−0.41, 1.89)
0.82 (−0.37, 2.00)
0.78 (−0.23, 1.79)

0.79
0.20
0.18
0.13

1 The table displays changes in day, night, and 24-h systolic and diastolic blood pressure from baseline evaluated in linear mixed models with random
intercepts for each subject to allow for serial correlation of blood pressure recordings at 1 and 2 y. All models were adjusted for age, sex, BMI, diabetes,
hypertension, activity (for daytime and 24-h models), and baseline blood pressure, and included an interaction between treatment group and time. Changes by
year are changes from baseline to the end of that year. Changes across the 2 y are the average of both annual changes from baseline. All values are means
(95% CIs) unless otherwise noted.
2 The difference is the change from baseline, or at baseline for baseline unadjusted means, between the 2000 IU and 800 IU treatment groups.

mortality (HR: 1.10; 95% CI: 1.04, 1.16), both independently of
mean BP (33, 34). Therefore, BP variability is being established
as a new therapeutic target. Most antihypertensive drug classes
have been shown to reduce short-term BP variability, with longacting calcium channel blockers being the most effective (35).
However, these drugs come with side effects and opportunity
for harmful drug interactions and adverse drug reactions. In this
study, daily high dose (2000 IU) vitamin D supplementation was
found to effectively reduce BP variability compared with the
standard dose. While more research is needed, this study offers
promising results on a low-cost and safe nutritional supplement
as a possible therapy to reduce BP variability.
At 25(OH)D concentrations < and >28.7 ng/mL, an increasing loss of benefit was observed; however, this finding is
observational in nature and consequently needs to be interpreted
with caution. In this study, an achieved concentration of 28.7
ng/mL of 25(OH)D was associated with a 6.01 mm Hg (95%
CI: −8.20, −3.82) reduction in daytime systolic BP, while
concentrations of 20, 35, and 40 ng/mL were associated with
reductions of 2.59 (95% CI: −5.73, 0.56), 2.78 (95% CI:

−5.05, −0.51), and 1.92 (95% CI: −4.45, 0.62) mm Hg,
respectively. Researchers have long been trying to determine if
there exists an optimum concentration of circulating 25(OH)D. A
recent meta-analysis found a dose–response relationship between
25(OH)D concentration and hypertension risk, in which the
risk of hypertension substantially increased at <75 nmol/L
(28.4 ng/mL), then flattened but remained significant beyond
this point (18). Our study is in line with these findings as
well as extensive reviews by the Institute of Medicine and the
Endocrine Society, which concluded a desirable serum 25(OH)D
concentration of 20 ng/mL and a recommended dose of 600 to
800 IU and a serum 25(OH)D concentration of 30 ng/mL and
a recommended dose of 600 to 2000 IU, respectively (36, 37).
Greater adiposity, more so than body weight, is associated with
lower 25(OH)D concentrations with the hypothesis that adipose
tissue serves as a reservoir for vitamin D (38, 39). The association
of 25(OH)D concentration and BP reduction found in this study
could be confounded by adiposity, for which adjustment by
BMI did not fully capture. Our findings from both the trial and
the observational portion of the study may help elucidate the
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Systolic day
Baseline unadjusted, mean ± SD
Adjusted 1-y change
Adjusted 2-y change
Across 2 y
Systolic night
Baseline unadjusted, mean ± SD
Adjusted 1-y change
Adjusted 2-y change
Across 2 y
Systolic 24 h
Baseline unadjusted, mean ± SD
Adjusted 1-y change
Adjusted 2-y change
Across 2 y
Diastolic day
Baseline unadjusted, mean ± SD
Adjusted 1-y change
Adjusted 2-y change
Across 2 y
Diastolic night
Baseline unadjusted, mean ± SD
Adjusted 1-y change
Adjusted 2-y change
Across 2 y
Diastolic 24 h
Baseline unadjusted, mean ± SD
Adjusted 1-y change
Adjusted 2-y change
Across 2 y

2000 IU (n = 123)

Abderhalden et al.
0.4
800 IU

0.2
0.0

-0.2

-0.59 (p=0.04)
-0.36 (p=0.19)

2000 IU

-0.4
-0.6
Baseline

Year 1

Year 2

FIGURE 3 Changes in blood pressure variability by treatment group.
The figure shows changes in systolic blood pressue average real variability
evaluated by a linear mixed model with random intercepts for each subject
to allow for serial correlation of average real variability measurements at 1
and 2 y. The model was adjusted for age, sex, BMI, diabetes, hypertension,
activity, and baseline average real variability, and included an interaction
between treatment group and time. The estimates represent the change in
average real variability from baseline, by year. The differences in the changes
between both treatment groups at year 1 and year 2 are displayed with its
accompanying P value. Total sample size for year 1 is n = 233 (800 IU:
n = 117; 2000 IU: n = 116) and year 2 is n = 217 (800 IU: n = 112; 2000
IU: n = 105).

possibility that the concentration of achieved 25(OH)D status,
rather than vitamin D dose, is important for effective BP control.
These findings provide motivation towards an individualized
concept of vitamin D for BP control.

This study corroborates a plethora of cross-sectional and
cohort analyses demonstrating low 25(OH)D status to be
associated with elevated systolic BP and hypertension (40, 41).
However, whether low 25(OH)D concentration contributes to
the risk of hypertension remains unclear. While prospective
studies have demonstrated poor 25(OH)D status to be associated
with high systolic BP (42), incident hypertension (4, 43), and
adverse cardiovascular events (44), there is an ongoing debate
as to whether low 25(OH)D concentrations cause incident
hypertension or whether vitamin D supplementation can help in
the treatment of hypertension (45). In fact, several trials have
concluded that vitamin D supplementation is ineffective for BP
reduction in hypertensive individuals (42, 46–50).
Several trials using a high, intermittent dose of vitamin D supplementation did not find an effect of vitamin D supplementation
on BP (47, 48). This could be due to the inability of such a dosing
strategy to effectively restore 25(OH)D status to a moderate
concentration (45). Our study further suggests that, rather than the
dosage of vitamin D supplementation, maintaining a moderate
concentration of serum 25(OH)D might be most important.
Our study had strengths and limitations. A strength of this
study includes the use of 24-h BP monitoring compared with inoffice recording. Mean daytime, nighttime, and 24-h ambulatory
BP monitoring has been shown to be consistent under common
pitfalls including white-coat and masked hypertension, dipping
status, and BP variability from in-office recordings. A limitation
of our study is the absence of a placebo control group, which
does not allow us to claim a BP-reducing benefit from vitamin D
supplementation. At the time of this study, the ethical commission

FIGURE 4 Change in daytime systolic blood pressure by serum 25(OH)D concentration. The LOESS curve shows the change in daytime systolic blood
pressure at 1 y from baseline as a function of achieved 25(OH)D. The shaded area represents the 95% CI bands. The total sample size is n = 233 (800 IU:
n = 117; 2000 IU: n = 116). LOESS, locally estimated scatterplot smoothing; 25(OH)D, 25-hydroxyvitamin D.
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800 IU

60%
50%
40%

25(OH)D, ng/mL
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Q1: 4.0 to 11.8
Q2: 11.9 to 17.9

20%

Q3: 18.0 to 23.8
Q4: 24.1 to 40.0

10%
0%

Q1

Q2

Q3

Percentage of treatment group in
25(OH)D quartile

B. 1 Year

Q4
800 IU

80%

2000 IU

70%
60%
50%

25(OH)D, ng/mL

40%

Q1: 11.0 to 26.4
Q2: 26.5 to 30.7

30%

Q3: 30.8 to 35.5

20%

Q4: 35.7 to 62.8

10%
0%

Q1

Q2

Q3

C. 2 Year
Percentage of treatment group in
25(OH)D quartile

2000 IU

Q4
800 IU

90%

2000 IU

80%
70%
60%

25(OH)D, ng/mL

50%

Q1: 16.4 to 26.3

40%

Q2: 26.4 to 31.4

30%

Q3: 31.5 to 35.4

20%

Q4: 35.6 to 55.4

10%
0%

Q1

Q2

Q3

Q4

FIGURE 5 (A–C) Achieved 25(OH)D serum concentrations by treatment group. The percentage of each treatment group comprising achieved 25(OH)D
concentration quartiles at baseline (A) (800 IU: n = 127; 2000 IU: n = 123), 1 y (B) (800 IU: n = 117; 2000 IU: n = 116), and 2 y (C) (800 IU: n = 113; 2000
IU: n = 105). Q, quartile; 25(OH)D, 25-hydroxyvitamin D.

requested that the comparison group be the standard 800 IU
dose to be consistent with current recommendations given the
high risk of falls and hip fractures among older adults with knee
osteoarthritis. Further, 24-h BP was a secondary endpoint in the
original trial; as such, the present study may be underpowered and
results should be considered hypothesis generating. Additionally,
dosage of vitamin D supplementation to reach a set threshold
can depend on many factors including race, calcium intake,

renal function, adiposity, BMI, and polymorphisms in key
proteins/enzymes involved in the vitamin D metabolism and
action (38, 51). Finally, our conclusions may not be generalizable
to younger adults.
Our findings indicate a daily dose of 2000 IU is no more
beneficial or harmful than a standard dose of 800 IU to realize
vitamin D’s potential BP-reducing benefits. Despite significant
reductions in systolic and diastolic BP among both treatment
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