
Association between circulating vitamin K1 and coronary calcium
progression in community-dwelling adults: the Multi-Ethnic
Study of Atherosclerosis1–3

M Kyla Shea, Sarah L Booth, Michael E Miller, Gregory L Burke, Haiying Chen, Mary Cushman, Russell P Tracy,
and Stephen B Kritchevsky

ABSTRACT
Background: Animal studies have shown that vitamin K treatment
reduced vascular calcification, but human data are limited.
Objective:We determined the association between vitamin K status
and coronary artery calcium (CAC) progression in the Multi-Ethnic
Study of Atherosclerosis by using a case-cohort design.
Design: Serum phylloquinone (vitamin K1) was measured in 296
participants with extreme CAC progression and 561 randomly
selected participants without extreme CAC progression; all sub-
jects had baseline and follow-up CAC measures (mean follow-up:
2.5 y). A serum vitamin K1 concentration was considered low at
,1.0 nmol/L (the distribution median). Outcomes were replicated
by using post hoc per-protocol analyses of a vitamin K1 supple-
mentation trial.
Results: The OR (95% CI) for extreme CAC progression for sub-
jects with low serum vitamin K1 compared with subjects without
extreme CAC progression was 1.34 (0.94, 1.90; NS) when adjusted
for demographics and confounders. A significant interaction be-
tween low vitamin K1 and antihypertension medication use was
detected (P = 0.016). Hypertension medication users with low se-
rum vitamin K1 were more likely to have extreme CAC progression
than were medication users without extreme CAC progression [OR
(95% CI): 2.37 (1.38, 4.09)]. In replication, baseline antihyperten-
sive medication users in the supplementation group had less CAC
progression than did those in the control group [adjusted mean 6
SEM of the 3-y CAC change was +5 6 20 Agatston units (AU) in
the vitamin K1 group (n = 40) and +44 6 13 AU in the placebo
group (n = 49); P , 0.01].
Conclusions: Although the point estimate of our primary analysis
suggests low serum vitamin K1 is associated with greater CAC
progression, the difference was NS. Low serum vitamin K1 was
significantly associated with CAC progression in antihypertension
medication users, which, to our knowledge, is a novel finding con-
ditionally replicated by using an independent sample. Intervention
trials are needed to determine whether improving serum vitamin K1
reduces CAC progression, especially in hypertensive individuals. This
trial was registered at clinicaltrials.gov as NCT00183001. Am J
Clin Nutr 2013;98:197–208.

INTRODUCTION

Coronary artery calcification is a common manifestation of
cardiovascular disease (CVD)4. Although a single coronary ar-
tery calcium (CAC) measurement independently predicts future

cardiac events and mortality independent of established risk
factors (1, 2), CAC progression has been shown to better predict
future fatal and nonfatal cardiac events (3, 4). In the Multi-
Ethnic Study of Atherosclerosis (MESA), which is a population-
based study of atherosclerosis progression, risk factors for CAC
progression included age, male sex, white race-ethnicity, BMI,
blood pressure, triglycerides, smoking status, treated hyperten-
sion, lipid-lowering medication use, and type 2 diabetes (5).
Approximately 5% of MESA participants were characterized as
having more CAC progression than was predicted on the basis of
identified risk factors (5). This result suggested that in some
individuals, CAC progression is related to factors yet to be
identified.

A preventive role for vitamin K against CAC progression has
been proposed on the basis of its role in activating matrix gla
protein (MGP), which is a calcification inhibitor in vascular
tissue. In mice, a targeted deletion of the MGP gene results in
rapid and complete arterial calcification, which results in death
by 6 wk (6). For MGP to function, vitamin K is required as an
enzymatic cofactor to g-carboxylate the protein. It has been
suggested that a reduction in the functional (carboxylated) MGP,
rather than the amount of total MGP, may increase risk of vascular
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calcification (7). In addition to MGP, other vitamin K–dependent
proteins in cardiovascular tissue, such as the gla-rich protein,
may also influence atherosclerosis progression (8).

Although animal and in vitro data support a role of vitamin K
in the protection against vascular calcification (7, 9), data from
human observational studies are limited because the majority of
such studies have relied on self-reported vitamin K intake to
estimate vitamin K status. The mixed results (10–12) may stem
partially from the difficulty in estimating nutrient status by using
self-reported dietary measures (13, 14). In contrast, nutritional
biomarkers are considered more-objective measures of nutrient
status (15). Phylloquinone (vitamin K1) is the primary circu-
lating form of vitamin K. Circulating vitamin K1 has been
validated against food-frequency questionnaires (FFQs) and is
considered a general indicator of vitamin K nutritional status
(16). In a randomized controlled trial, vitamin K1 supplemen-
tation reduced CAC progression in older adults who had pre-
existing CAC but did not influence the development of new
CAC (17), which suggested that vitamin K may be relevant to
CAC progression. Therefore, we tested the hypothesis that low
vitamin K status is associated with greater CAC progression by
comparing serum vitamin K1 concentrations of MESA partici-
pants with extreme CAC progression to participants without
extreme CAC progression over an average 2.5 y of follow-up.

SUBJECTS AND METHODS

The MESA is an ongoing observational study that examines
the prevalence and progression of subclinical CVD in a multi-
ethnic cohort. The MESA cohort (n = 6814) was recruited in
2000–2002 from 6 US communities, including Forsyth County,
NC; northern Manhattan and the Bronx, NY; Baltimore County,
MD; St Paul, MN; Chicago and Maywood, IL; and Los Angeles

County, CA. The cohort of participants is 38% non-Hispanic
white, 28% African American, 22% Hispanic, and 12% Chinese
American, all of whom were free of clinically diagnosed CVD at
baseline. The study design and methods of the MESA have been
described in detail (18). The MESA was approved by the in-
stitutional review boards at all participating centers. All partic-
ipants gave written informed consent.

This substudy of the MESA used a case-cohort design (19).
Participant selection is shown schematically in Figure 1. Be-
cause warfarin is a vitamin K antagonist, warfarin users (n = 24)
were excluded. Serum vitamin K1 was measured in 780 ran-
domly chosen MESA participants from stored samples taken at
the baseline visit. These 780 participants did not differ from
MESA participants who did not have serum vitamin K1 mea-
sured in terms of age, sex, race-ethnicity, BMI, triglycerides,
total cholesterol, physical activity, vitamin K1 intake, education,
season (of blood draw), smoking status, hypertension, type 2
diabetes, or kidney function (all P. 0.14). A total of 127 of 780
participants had missing follow-up CAC measures primarily
because they did not attend the follow-up clinic visit and, thus,
were not eligible. Compared with participants with follow-up
measures, participants without follow-up CAC measures were
less likely to graduate from high school and had lower baseline
CAC (P , 0.001) but did not significantly differ in age, sex,
race-ethnicity, BMI, triglycerides, total cholesterol, physical
activity, vitamin K1 intake, education, season (of blood draw),
smoking status, hypertension, type 2 diabetes, or kidney func-
tion (all P . 0.13).

A participant was considered to have extreme progression if
they had prevalent CAC at baseline that progressed more than
was predicted according to risk factors identified in the MESA by
Kronmal et al (5). Because the subcohort was chosen randomly,
34 subjects were subsequently identified as having extreme CAC

FIGURE 1. Participant selection for the MESA case-cohort study. CAC, coronary artery calcium; MESA, Multi-Ethnic Study of Atherosclerosis.
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progression. Serum vitamin K1 was also measured in 276 ad-
ditional MESA participants previously identified as having ex-
treme CAC progression (5), which left a total of 310 cases
eligible for inclusion. The final sample for this analysis included
296 extreme progressors (cases) and 561 noncases for whom
dietary intake and other covariate data were available. The 72
participants (6.8%) with missing covariate data were more likely
to be black, currently smoke, and not have graduated from high
school (all P # 0.01 on the basis of chi-square analyses), and
they participated in less-intentional physical activity and had
higher systolic blood pressure and less CAC at baseline (all P #
0.02 on the basis of Wilcoxon’s 2-sample test).

Coronary calcium

The CAC measurement in the MESA has been thoroughly
described (20). Briefly, CAC was measured with either electron-
beam computed tomography (at Chicago, IL; Los Angeles, CA;
and New York, NY) or with multidetector computed tomography
(at Baltimore, MD; Forsyth County, NC; and St Paul, MN). Each
participant was scanned twice consecutively. All scans were read
by a radiologist or cardiologist, who was blinded to all clinical
and demographic information, at a central reading center (Los
Angeles Biomedical Research Institute, Harbor-University of
California, Los Angeles, Torrance, CA) and were quantified by
using the method of Agatston [Agatston score (AS)] (21). Results
of the 2 scans were averaged for each participant (20). All
participants were scanned at their baseline visit. Follow-up scans
were obtained on one-half of MESA participants (chosen at
random) at the second follow-up visit (2002–2004), whereas the
other one-half of participants had follow-up scans at the third
follow-up visit (2004–2005) (5, 18).

Serum vitamin K1

At the baselineMESA examination, fasting serumwas collected
and frozen at2708C. Serum vitamin K1 was measured in thawed
samples by using reversed-phase HPLC followed by fluorometric
detection (22) at the Vitamin K Laboratory at the USDA Human
Nutrition Research Center on Aging at Tufts University. This
laboratory currently participates in the international vitamin K
external quality-assurance scheme (23). The lower limit of
detection for circulating vitamin K1 by using the sample vol-
ume available was 0.1 nmol/L. Samples with vitamin K1 con-
centrations below the lower limit of detection were entered as
0.05 nmol/L (22, 24). Low and high control specimens had av-
erage values of 0.56 and 3.15 nmol/L, with a total (intraassay plus
interassay) CV of 15.2% and 10.9%, respectively (24).

Race-ethnicity

Race-ethnicity was self-reported as white, Chinese, African
American, or Hispanic.

Covariates

Height and weight were measured without shoes, and BMI was
calculated as weight divided by the square of height. Triglycerides,
cholesterol, glucose, and creatinine were measured from fasting
plasma samples (25). The estimated glomerular filtration rate
(eGFR) was calculated by using the Chronic Kidney Disease

Epidemiology Collaboration formula (26), and impaired kidney
function was defined as an eGFR ,60 mL/min (27). Physical
activity was measured by using a physical activity survey, as
described previously (28). The total intentional physical activity
included walking for exercise, sports, dancing, and conditioning
exercises (28). Medical history and medication use, smoking
status, and demographic information were collected by using
standardized questionnaires. The highest level of education was
categorized as less than high school, a high school graduate, or
a college graduate or further. At the baseline visit, the dietary
intake of participants over the previous 12 mo was assessed by
using a modified 120-item Block FFQ. The MESA FFQ was
patterned after the FFQ used in the Insulin Resistance Athero-
sclerosis Study, which has been validated in non-Hispanic white,
non-Hispanic black, and Hispanic individuals (29).The FFQ was
modified to also include unique Chinese foods and culinary
practices to accommodate the MESA subject population, as
previously described (30). The Nutrition Data Systems for Re-
search database (Nutrition Coordinating Center University of
Minnesota; http://www.ncc.umn.edu/products/ndsr.html) was used
to estimate dietary vitamin K1 intake by multiplying the number
of servings of a particular food times the vitamin K1 content per
serving size of that food (31). A similar strategy was used to es-
timate the total energy intake.

Statistical analyses

Participants characteristics of the extreme CAC progression
group and control group were compared by using the chi-square
test (categorical outcomes), Student’s t test (for normally dis-
tributed continuous outcomes), or the Wilcoxon rank-sum test
(for continuous outcomes that did not normalize after ln trans-
formation). In the randomly chosen subcohort, differences in
participant characteristics were examined across categories of
serum vitamin K1 (,1.0 and $1 nmol/L) adjusted for tri-
glycerides and lipid-lowering medication use by using multiple
linear regression for continuous outcomes or logistic regression
for categorical outcomes.

Logistic regression was used to assess the association between
low serum vitamin K1 and extreme CAC progression by using
a robust variance estimation that accounted for the case-cohort
design (32). The exposure was considered dichotomously by
using ,1.0 nmol/L as the cutoff. This concentration corre-
sponded to the overall median of our distribution, but it was
chosen as a threshold a priori because it corresponded to con-
centrations that are achieved when dietary intakes meet the
current recommendations (90 mg/d for women and 120 mg/d for
men) (33, 34) and was consistent with the threshold associated
with lower disease risk in another population-based study (35).
We also examined the association by using serum vitamin K1 as
a continuously measured exposure. A series of multivariable
logistic regression models were subsequently used to adjust for
potential confounders associated with vitamin K status or CAC
progression. Vitamin K1 is transported on triglyceride-rich li-
poproteins (36) and may, therefore, be affected by lipid-lowering
medication use (which included statins, bile-acid sequestrants,
fibrates, and niacin/nicotinic acid), and thus, those covariates
were adjusted for first (model 1). Model 2 further adjusted for
demographic characteristics and CVD comorbidities [age, sex,
race, study site, education, total cholesterol, diabetes, kidney
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function (eGFR ,60 mL/min), blood pressure and hypertension
medication). Because serum vitamin K1 can reflect generally
healthy lifestyles, the final model (model 3) was further con-
trolled for energy-adjusted vitamin K1 intake [an indicator of
a healthy diet (37)], and physical activity. Season was also in-
cluded as a covariate because seasonal differences in serum
vitamin K1 have been reported (16). Our main analysis included
857 participants for whom all covariate data were available. To
assess the robustness of our findings to missing covariate in-
formation, we also ran models 1 and 2 by excluding vitamin K1
intake and physical activity (covariates with missing data) to
include the participants who were missing these covariates.
Because the 72 participants with missing data were missing
dietary intake and physical activity data, we did not run model 3
in this additional analysis.

Because extreme progression can only occur in individuals
with existing CAC, we subsequently restricted the analysis to
participants with detectable CAC at the baseline visit (n = 538).
We also tested whether the association between low serum vi-
tamin K1 and extreme CAC progression was consistent across
demographics [sex, race, age (,65 y, the median age at the
baseline visit, and $65 y)] and comorbid conditions [hyper-
tension (dichotomized according to antihypertension medication
use on the basis of an earlier analysis of CAC progression in the
MESA) (5)], diabetes (fasting glucose concentration$126 mg/dL
or use of oral hypoglycemia medication or insulin), impaired
kidney function (eGFR ,60 mL/min), and lipid-lowering
medication use] by entering interaction terms into the fully
adjusted models. The OR (95% CI) for extreme CAC pro-
gression for subjects who reported consumption of less than the
current recommended adequate intake of dietary vitamin K1
compared with subjects who reported consumption of recom-
mended amounts of dietary vitamin K1 (90 mg/d for women and
120 mg/d for men) (33) was also estimated.

To verify that our results were not related to the case-cohort
sampling approach, we performed a similar analysis by using
only participants randomly selected in the subcohort (n = 592).
Annualized CAC progression was categorized as an AS increase
of ,100 or $100 Agatston units (AU)/y. Logistic regression
was used to determine the association between CAC pro-
gression $100 AU/y and serum vitamin K1. The analysis was
repeated by using the randomly selected participants with de-
tectable CAC at baseline (n = 273). In participants without
detectable CAC at baseline (n = 319), logistic regression was
also used to determine the association between serum vitamin
K1,1.0 nmol/L and CAC development (defined as an AS.0 AU
at follow-up; n = 50).

Replication study

Because we detected a significant but not hypothesized in-
teraction between serum vitamin K1 and hypertension (defined
according to medication use), we sought to confirm our obser-
vation by using data from a randomized trial that reported the
effect of 3 y vitamin K1 supplementation (500 mg/d) on CAC
progression in 388 community-dwelling older adults (mean 6
SD age: 68 6 6 y; 61% women) (17). Methodologic details of
this trial have been well described (17, 38). We used multiple
linear regression with the 3-y change in CAC as the outcome to
determine the effect of vitamin K1 supplementation on CAC

progression in an intent-to-treat analysis stratified according to
baseline hypertension treatment. In an earlier analysis, we
showed the effect of vitamin K1 supplementation was significant
in participants who adhered to the treatment (predefined as
subjects who took $85% of supplements on the basis of a direct
pill count) and in participants who adhered to the treatment and
had an AS .10 AU at baseline (17). Thus, we similarly re-
stricted the current analyses. This trial was registered at clin-
icaltrials.gov as NCT00183001.

Analyses were carried out with SAS software (version 9.2;
SAS Institute Inc). P , 0.05 was considered statistically sig-
nificant for main effects, and P , 0.10 was considered signifi-
cant for interaction terms.

RESULTS

Characteristics of MESA participants included in this analysis
are shown in Table 1. Participant mean 6 SD age was 64 6 10
y. Overall, 55% of subjects were men, and 42% of subjects were
white. Participants identified with extreme CAC progression
were older, more likely to be white, had more CAC and higher
blood pressure at the baseline visit, and were more likely to be
diabetic and take lipid-lowering and antihypertensive medica-
tions than were control subjects. However, the median (6IQR)
serum vitamin K1 concentrations did not differ between cases
(0.96 1.7 nmol/L) and control subjects (1.1 6 1.6 nmol/L) (P =
0.24). Subjects with extreme progression tended to have a lower
ratio of serum vitamin K1 to triglycerides than that of controls at
baseline, although the difference was not significant (median 6
IQR: 0.6 6 1.2 compared with 0.8 6 1.2 nmol/mmol; P = 0.08).
The mean follow-up time was 2.7 6 0.7 y in extreme CAC
progressors and 2.46 0.8 y in controls (P, 0.001). Twenty-five
percent of participants had serum vitamin K1 concentrations
,0.1 nmol/L, and thus, the (ln) transformed distribution ap-
peared bimodal (Figure 2). Characteristics of the randomly
chosen subcohort are shown in Table 2 according to categories
of serum vitamin K1. Subjects with higher serum vitamin K1
concentrations were more likely to be of Chinese descent, had
lower BMI, higher triglycerides, were less likely to smoke, and
participated in more intentional physical activity.

Case-cohort results

Results of the primary analysis of the association between
serum vitamin K1 and extreme CAC progression according to the
case-cohort design are shown in Table 3. Unadjusted OR (95%
CI) for extreme CAC progression in subjects with serum vitamin
K1 concentrations ,1.0 nmol/L compared with subjects with
serum vitamin K1 concentrations $1.0 nmol/L was 1.16 (0.88,
1.53) (P = 0.29). In the fully adjusted model, the OR (95% CI)
was 1.34 (0.94, 1.90) (P = 0.11) for subjects with serum vitamin
K1 concentrations ,1.0 nmol/L compared with subjects with
serum vitamin K1 concentrations $1.0 nmol/L. When we re-
peated our analyses to include the 72 participants with missing
covariate data in models 1 and 2, associations between serum
vitamin K1 and extreme CAC progression were not appreciably
changed. In the 538 participants with CAC at baseline, the fully
adjusted OR (95% CI) for extreme CAC progression for subjects
with serum vitamin K1 concentrations ,1.0 nmol/L was 1.27
(0.86, 1.86; NS).
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Other population-based studies showed vitamin K2 (mena-
quinone) intake, but not vitamin K1 intake, to be associated with
vascular calcification (10, 11). Although dietary vitamin K2
intake data are not available in the MESA, we examined the
association between vitamin K1 intake and CAC progression.
The fully adjusted OR (95% CI) for having extreme CAC pro-
gression for subjects who reported consumption of less than the
recommended amount of dietary vitamin K1 (n = 181) compared

with subjects who reported consumption of adequate amounts of
dietary vitamin K1 (n = 676) was 1.00 (0.69, 1.44; NS).

Interactions

In the case-cohort analysis, we detected a significant interaction
between low serum vitamin K1 (defined as ,1.0 nmol/L) and
hypertension (defined as subjects taking an antihypertensive

TABLE 1

Characteristics of MESA participants with extreme CAC progression and control subjects1

Extreme CAC progression

(n = 296)

Control subjects

(n = 561) P2

Age (y)3 69 6 9 61 6 10 ,0.001

Sex, F [n (%)] 88 (30) 306 (55) ,0.001

Race-ethnicity [n (%)] 0.02

White 146 (49) 211 (38)

African American 64 (22) 141 (25)

Hispanic 55 (19) 131 (23)

Chinese 31 (10) 78 (13)

Education [n (%)] 0.62

Less than high school 58 (20) 95 (17)

High school graduate 128 (43) 253 (45)

College graduate 110 (37) 213 (38)

Baseline CAC

AS (AU)4 764 6 968 0 6 62 ,0.0015

AS category [n (%)] ,0.001

0 AU 0 (0) 319 (57)

1–400 AU 64 (22) 211 (38)

.400 AU 232 (78) 31 (6)

Yearly CAC increase (AS)4 181 6 140 0 6 12 ,0.0015

BMI (kg/m2)3 28.7 6 5.1 28.3 6 5.4 0.33

Triglycerides (mg/dL)4 125 6 88 110 6 82 0.05

Total cholesterol (mg/dL)3 189 6 38 193 6 33 0.11

Systolic blood pressure (mm Hg)3 135 6 22 125 6 21 ,0.001

Diastolic blood pressure (mm Hg)3 74 6 10 72 6 10 0.01

Type 2 diabetes [n (%)] 84 (28) 63 (11) ,0.001

Impaired kidney function (GFR ,60 mL/min) [n (%)] 56 (19) 64 (11) 0.003

Lipid-lowering medication [n (%)] 86 (29) 94 (17) ,0.001

Hypertension [n (%)]6 199 (67) 237 (42) ,0.001

Antihypertension medication [n (%)] 173 (58) 196 (35) ,0.001

In antihypertension medication users7

Thiazide diuretics 54 (31) 61 (31) 0.98

ACE inhibitors 76 (44) 68 (35) 0.07

b-blockers 45 (26) 54 (28) 0.66

Other 53 (31) 56 (29) 0.63

Current smoker [n (%)] 34 (11) 71 (13) 0.62

Intentional physical activity (MET-min/wk)4,8 19.1 6 31.5 13.8 6 31.3 ,0.001

Serum vitamin K14 0.9 6 1.7 1.1 6 1.6 0.245

Vitamin K1 intake (mg/d)4 87 6 95 97 6 107 0.33

Energy adjusted (mg/d)9 93 6 4 98 6 2 0.20

1ACE, angiotensin-converting enzyme; AS, Agatston score; AU, Agatston units; CAC, coronary artery calcium; GFR,

glomerular filtration rate; MESA, Multi-Ethnic Study of Atherosclerosis; MET-min, metabolic equivalent task minutes.
2Categorical outcomes were compared by using the chi-square test; continuous outcomes were compared by using

Student’s t test unless indicated otherwise.
3Values are means 6 SDs.
4Values are medians 6 IQRs.
5Comparison was based on Wilcoxon’s rank-sum test because the measure did not achieve a normal distribution after

ln transformation.
6Defined as systolic blood pressure $140 mm Hg or diastolic blood pressure $90 mm Hg or use of an antihyper-

tension medication.
7 In antihypertension medication users, the total percentage is .100% because some participants reported taking more

than one type of medication.
8Total intentional physical activity per week (sum of walking for exercise, sports, dancing, and conditioning).
9Values are geometric least-squares means 6 SEMs.
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medication) (P-interaction = 0.016) such that the fully adjusted
OR (95% CI) for extreme CAC progression for participants
who were taking antihypertensive medication (n = 369) with
serum vitamin K1 concentrations ,1.0 nmol/L was 2.37 (1.38,
4.09) (Table 3), whereas for participants who were not taking
an antihypertensive medication (n = 488) with serum vitamin
K1 concentrations ,1.0 nmol/L, the fully adjusted OR (95%
CI) for extreme CAC progression was 0.79 (0.47, 1.30; NS).
When the analysis was restricted to subjects with detectable
CAC at baseline, the interaction between low serum vitamin
K1 (defined as ,1.0 nmol/L) and hypertension (defined as
participants who were taking an antihypertensive medication)
was P = 0.10. In subjects with prevalent CAC, the OR (95%
CI) for extreme CAC progression in antihypertensive medica-
tion users (n = 282) with serum vitamin K1 concentrations
,1.0 nmol/L was 1.98 (1.10, 3.57) (Table 3), and for subjects
who were not taking an antihypertensive medication (n = 256)
with serum vitamin K1 concentrations ,1.0 nmol/L, the fully
adjusted OR (95% CI) for extreme CAC progression was 1.21
(0.75, 1.96; NS). Because some antihypertension medications
are associated with changes in serum calcium, we explored
whether additional adjustment for serum calcium altered our
results in the hypertensive participants. Although the magni-
tude of point estimates was somewhat attenuated, the signif-
icance was unchanged [the calcium-adjusted OR (95% CI)
was 2.20 (1.26, 3.82) for all treated hypertensives and 1.86
(1.02, 3.38) for treated hypertensives with prevalent CAC].
The association between low serum vitamin K1 and extreme
CAC progression did not differ by any demographic charac-
teristic evaluated (sex P-interaction = 0.33; race-ethnicity P-
interaction = 0.23; age P-interaction = 0.61) or according to
the other comorbidities (type 2 diabetes P-interaction = 0.45;
eGFR ,60 mL/min P-interaction = 0.89; lipid-lowering medi-
cation use P-interaction = 0.35) (see Supplementary Figure 1 under
“Supplemental data” in the online issue).

Subcohort results

In the 592 randomly selected participants, 79% of subjects
with an AS increase $100 AU/y were considered to have ex-
treme CAC progression. The median (range) CAC increase in
the 37 participants with a CAC increase $100 AU/y was 139
AU/y (0–651 AU/y) compared with a median (range) CAC in-
crease of 0 AU/y (0–93 AU/y) in the 555 individuals with an
annual CAC increase ,100 AU/y. The OR (95% CI) for having
a CAC increase $100 AU/y in subjects with serum vitamin K1
concentrations ,1.0 compared with $1.0 nmol/L was 1.62
(0.70, 3.76; NS), adjusted for triglycerides, lipid-lowering
medication use, age, race-ethnicity, sex, BMI, systolic blood
pressure, hypertension medication use, diabetes, kidney function
(eGFR ,60 mL/min), total cholesterol, study site, education,
energy-adjusted vitamin K1 intake, physical activity, and sea-
son. With restriction of the analysis to the 273 subcohort par-
ticipants with baseline CAC, the fully adjusted OR (95% CI) for
having a CAC increase $ 100AU/y for subjects with serum
vitamin K1 concentrations ,1.0 nmol/L was 2.02 (0.84, 4.88;
NS). In the 319 participants without detectable CAC at baseline,
the fully adjusted OR (95% CI) for CAC development for
subjects with serum vitamin K1 concentrations ,1.0 nmol/L
was 1.10 (0.55, 2.20; NS).

Replication study results

See Supplementary Table 1 under “Supplemental data” in the
online issue for participant characteristics according to baseline
antihypertension medication use. In the intent-to-treat analysis,
the effect of vitamin K1 supplementation on CAC progression
did not differ according to baseline antihypertension medication
use (P-interaction = 0.24) (Table 4). In per-protocol analyses,
when nonadherent participants were excluded, the interaction
between baseline antihypertension medication use and vitamin

FIGURE 2. Distribution of serum vitamin K1 in the MESA (n = 857). 1Midpoints of the ln scale were back-transformed to obtain the original scale. MESA,
Multi-Ethnic Study of Atherosclerosis.
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K1 supplementation was significant (P = 0.05). In adherent
participants who were taking antihypertension medication at
baseline, the adjusted mean (6SEM) 3-y change in CAC in
subjects who were randomly assigned to vitamin K1 supple-
mentation (n = 40) was 6 6 15 AU compared with 63 6 13 AU
for participants in the placebo group (n = 49) (between-group
difference: P = 0.007) (Table 4). In adherent participants with
prevalent CAC at baseline, the magnitude of the between-
group difference in the 3-y change in CAC in participants who
were taking an antihypertensive medication was higher (vita-
min K1 supplementation: 5 6 20 AU; placebo: 93 6 19 AU;

P = 0.004). In adherent participants who were not taking an-
tihypertensive medications (n = 222), the 3-y change in CAC
did not differ between the vitamin K1–supplemented group
and placebo group in any analysis (all between-group difference:
P $ 0.63) (Table 4).

DISCUSSION

We hypothesized that vitamin K status would be associated with
CAC because 1) animal studies showed that vitamin K antago-
nism with warfarin (which interrupts the vitamin K–dependent

TABLE 2

Characteristics of MESA participants in a randomly chosen subcohort (n = 592) according to serum vitamin K1

concentrations1

,1.0 nmol/L

(n = 282)

$1.0 nmol/L

(n = 310) P

Age (y)2 61 6 1 62 6 1 0.40

Sex, F [n (%)] 153 (54) 161 (52) 0.75

Race-ethnicity [n (%)] ,0.001

White 118 (42) 109 (35)

African American 75 (27) 76 (25)

Hispanic 80 (29) 54 (19)

Chinese 9 (3) 71 (23)

Education [n (%)] 0.09

Less than high school 53 (19) 45 (46)

High school graduate 126 (45) 146 (47)

College graduate 103 (37) 119 (39)

Baseline AS category [n (%)] 0.41

AS = 0 AU 88 (60) 158 (51)

AS = 1–400 AU 93 (30) 121 (39)

AS .400 AU 28 (10) 31 (10)

BMI (kg/m2)2 29.0 6 0.3 27.7 6 0.3 0.003

Triglycerides (mg/dL)3 99 6 4 125 6 4 ,0.001

Total cholesterol (mg/dL)2 191 6 2 194 6 2 0.25

Systolic blood pressure (mm Hg)2 124 6 1 127 6 1 0.15

Diastolic blood pressure (mm Hg)2 71 6 1 73 6 1 0.03

Diabetes [n (%)] 22 (15) 37 (12) 0.23

Lipid-lowering medication [n (%)] 16 (11) 62 (20) 0.11

Impaired kidney function (GFR ,60 mL/min) [n (%)] 39 (14) 35 (11) 0.35

Antihypertension medication use [n (%)] 90 (32) 121 (39) 0.07

Among antihypertension medication users [n (%)]4

Thiazide diuretics 36 (40) 31 (26) 0.03

ACE inhibitors 36 (40) 38 (31) 0.20

b-blockers 18 (20) 38 (31) 0.07

Other 25 (27) 36 (30) 0.75

Current smoker [n (%)] 40 (14) 33 (11) 0.04

Intentional physical activity (MET-min/wk)3 9 6 1 13 6 1 0.002

Vitamin K1 intake (mg/d) (energy adjusted)3 82 6 5 114 6 5 ,0.001

Season [n (%)] 0.16

January to March 81 (37) 82 (26)

April to June 77 (27) 111 (36)

July to September 59 (21) 60 (19)

October to December 65 (23) 57 (18)

1Differences in continuous outcomes were analyzed by using general linear regression adjusted for triglycerides and

lipid-lowering medication use (unless analyzed on that outcome). Differences in categorical outcomes were analyzed by

using logistic regression adjusted for triglycerides and lipid-lowering medication use (unless analyzed on that outcome).

P values are for the overall Wald’s chi-square test. ACE, angiotensin-converting enzyme; AS, Agatston score; AU, Agatston

units; GFR, glomerular filtration rate; MESA, Multi-Ethnic Study of Atherosclerosis; MET-min, metabolic equivalent task

minutes.
2Values are least-squares means 6 SEMs adjusted for triglycerides and lipid medication use.
3Values are least-squares geometric means 6 SEMs adjusted for triglycerides and lipid medication use.
4 In antihypertension medication users, the total percentage is .100% because some participants reported taking more

than one type of medication.
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carboxylation of MGP) led to extreme arterial calcification in rats
(39), and existing calcification was reversed by diets high in vi-
tamin K (9), and 2) in vitro experiments showed that MGP syn-
thesized by vascular smooth-muscle cells in the absence of
vitamin K remained undercarboxylated and had a reduced ca-
pacity to function as a calcification inhibitor (7). The mechanistic
evidence and the outcomes of an earlier randomized trial (17)
suggested that vitamin K may be more relevant to CAC pro-
gression than to plaque development. Because the association
between vitamin K status and CAC progression has not been well
examined in population-based studies, the primary goal of this
case-comparison study was to test whether serum vitamin K1 was
associated with CAC progression in the MESA. Although low
serum vitamin K1 was associated with 34% higher odds of ex-
treme CAC progression, our primary result was not significant.

Hypertension (defined as the use of an antihypertensive
medication) was identified as a risk factor for CAC progression in
MESA (5). In our study, hypertension treatment modified the
association between serum vitamin K1 and extreme CAC pro-
gression, such that participants who were taking antihypertensive
medication were more than twice as likely to have extreme CAC
progression if they had a serum vitamin K1 concentration ,1.0
nmol/L, whereas serum vitamin K1 was not associated with
CAC progression in subject who were not taking antihyperten-

sive medication. Because this observation was not motivated by
an a priori hypothesis, we sought to replicate it by using data
from a randomized trial of vitamin K1 supplementation and
showed, in a per protocol analysis, that vitamin K1 supple-
mentation reduced CAC progression in participants who were
taking antihypertension but not in participants who were not
taking antihypertension medication. The results of this post hoc,
secondary analysis reflected those of the primary analysis (17) in
that the effect of vitamin K1 supplementation was significant
when nonadherent participants were excluded. Although the
percentage of adherent participants did not differ between
treatment groups, adherence may have been influenced by un-
measured factors, which may have introduced some bias to these
results. When hypertension was defined according to Joint Na-
tional Committee criteria [systolic blood pressure $140 mm Hg
or diastolic blood pressure $90 mm Hg or the use of antihy-
pertensive medication (40)], the interaction between low serum
vitamin K1 and hypertension in the MESA was attenuated. It is
plausible that hypertension defined by using blood pressure
measurements taken on a single day may have misclassified
some participants so that treated participants represented true
hypertension (41). Conversely, the hypertension treatment may,
itself, have influenced the association between vitamin K status
and CAC. The most common antihypertensive medications in

TABLE 3

Association between low serum vitamin K1 and CAC progression in MESA participants (n = 857)1

Subjects with serum vitamin K1 concentrations

,1.0 nmol/L compared with subjects with

serum vitamin K1 concentrations $1.0 nmol/L

Estimated per 1.7-nmol/L (the IQR)

decrease in serum vitamin K1

Unadjusted 1.16 (0.88, 1.53) 1.04 (0.90, 1.19)

Model 1 1.33 (0.99, 1.78) 1.11 (0.96, 1.29)

Model 2 1.33 (0.94, 1.89) 1.09 (0.90, 1.33)

Model 3 1.34 (0.94, 1.90) 1.10 (0.90, 1.34)

In MESA participants with prevalent

CAC at baseline (n = 538)

Unadjusted 1.31 (0.95, 1.81) 1.10 (0.95, 1.31)

Model 1 1.46 (1.04, 2.04) 1.20 (1.00, 1.44)

Model 2 1.25 (0.85, 1.83) 1.12 (0.90, 1.39)

Model 3 1.27 (0.86, 1.86) 1.12 (0.89, 1.40)

In MESA participants taking

antihypertension medication (n = 369)2

Unadjusted 1.71 (1.14, 2.55) 1.11 (0.91, 1.35)

Model 1 1.88 (1.23, 2.86) 1.17 (0.94, 1.44)

Model 2 2.06 (1.22, 3.47) 1.12 (0.83, 1.50)

Model 3 2.37 (1.38, 4.09) 1.13 (0.84, 1.54)

In MESA participants with prevalent

CAC taking antihypertension

medication (n = 282)3

Unadjusted 1.53 (0.97, 2.39) 1.03 (0.84, 1.26)

Model 1 1.71 (1.06, 2.76) 1.10 (0.84, 1.41)

Model 2 1.74 (0.99, 3.07) 1.05 (0.77, 1.42)

Model 3 1.98 (1.10, 3.57) 1.05 (0.77, 1.44)

1All values are ORs; 95% CIs in parentheses. Analyses were based on logistic regression by using a robust variance estimation that accounted for the

case-cohort design (32) adjusted for follow-up time and as follows: model 1 was adjusted for triglycerides and lipid-lowering medication use; model 2 was

adjusted as for model 1 and for age, race-ethnicity, sex, BMI, systolic blood pressure, hypertension medication use (unless stratified on that variable), diabetes,

kidney function (glomerular filtration rate ,60 mL/min), total cholesterol, study site, and education; and model 3 was adjusted as for model 2 and for energy-

adjusted vitamin K1 intake, physical activity, and season. CAC, coronary artery calcium; MESA, Multi-Ethnic Study of Atherosclerosis.
2 Stratified analysis was based on P-interaction between a low serum vitamin K1 concentration (defined as ,1.0 nmol/L) and hypertension (defined as

individuals taking antihypertensive medication in all participants) = 0.016
3 Stratified analysis was based on P-interaction between low serum vitamin K1 concentration (defined as ,1.0 nmol/L) and hypertension (defined as

individuals taking antihypertensive medication in participants with prevalent CAC) = 0.10.
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both studies were angiotensin-converting enzyme (ACE) in-
hibitors and thiazide diuretics. In the MESA, 39% of treated
hypertensives were taking ACE inhibitors, and 32% of treated
hypertensives were taking thiazide diuretics. In the supplemen-
tation study, 45% of treated hypertensives were taking ACE
inhibitors, and 48% of treated hypertensives were taking thia-
zide diuretics. Thiazide diuretics promote a positive calcium
balance, which was shown to upregulate MGP expression in
vascular smooth muscle in rodent studies (42). In recent in vivo
and ex vivo experiments, angiotensin II–receptor antagonists
reversed the reduction in MGP expression in vascular tissue and
exacerbated calcification caused by angiotensin II (43). It is
possible that medications that interfere with angiotensin II ac-
tivity may lead to increased MGP expression. In either case,
without sufficient vitamin K, the increased MGP would not be
carboxylated and, therefore, would not be able to inhibit calci-
fication, which suggested that vitamin K may complement hy-
pertension medications with respect to vascular calcification.
Because we were insufficiently powered to stratify our analyses
according to hypertension medication class, it will be important
to clarify if the association between vitamin K and CAC pro-
gression differs in patients treated with different types of hy-
pertension medications.

Consistent with our finding, Dutch observational studies, in
which vitamin K1 intakes were 2-fold more than what is currently
recommended in the United States, did not find vitamin K1 intake
to be associated with arterial calcification (10, 11). However,
there is more than one form of vitamin K. Vitamin K1, which is
present in green leafy vegetables and vegetable oils, is the pri-
mary dietary form in US diets. In theMESA, the OR (95%CI) for
extreme CAC progression did not differ between participants who
reported the consumption of recommended amounts of vitamin
K1 and subjects who reported the consumption of less than
recommended amounts of vitamin K1. Vitamin K2 is a class of
compounds present in limited amounts in meat, certain dairy
products, and fermented soybean products. Food-composition
data for vitamin K2 are incomplete in most nutrient databases,
and the FFQ used in the MESA did not estimate vitamin K2
intake. This lack may have misclassified some individuals with
respect to the overall vitamin K intake in MESA. Vitamin K2,
which is not thought to be an important dietary contributor to
vitamin K intake in the United States, is generally undetectable in
circulation (44). The Dutch studies showed that higher vitamin
K2 intakes, which were driven by fermented cheeses, were as-
sociated with less calcification (10, 11). Although it is plausible
vitamin K2 is more relevant to CAC, it is also plausible that other
food compounds in these cheeses were associated with CVD, for
which the vitamin K2 intake was a marker.

This study had several strengths and certain limitations to
consider. The case-cohort design was a derivation of the case-
control study, but because the serum vitamin K1 was obtained
before case-status identification, the temporal relation between
exposure and outcome was known (19). Our subcohort was se-
lected at random, and cases were ascertained over time on the
basis of the rate of CAC progression. All of our cases had
prevalent CAC at baseline (evidence of subclinical CVD). We
also subsequently limited our control group to include individuals
with subclinical CVD as well. The primary analysis was powered
a priori to detect an OR of 1.45, and thus, we had little chance of
detecting an effect smaller than that. With consideration of the

number of hypotheses tested, we could not rule out chance as an
explanation for our results. When serum vitamin K1 was con-
sidered as a continuously measured exposure, its association with
CAC progression was attenuated compared with when it was
dichotomized. It is plausible that there is a threshold effect for
circulating vitamin K1 with respect to CAC, as has been reported
for other nutrients and disease outcomes (45). However, when we
added a quadratic term of serum vitamin K1 to our models, it was
not statistically significant (P $ 0.16). We showed that the as-
sociation between serum vitamin K1 and CAC progression
differed between participants who reported taking antihyper-
tensive medication and participants who did not, which was
a finding that we were able to replicate with qualification in an
independent sample. To the best of our knowledge, no other
study has determined the association between vitamin K status
and CAC progression by using objectively measured biomarkers
instead of self-reported intakes, which are prone to multiple
biases (46, 47). However, no single vitamin K biomarker is
considered a gold-standard measure of status. We measured
circulating vitamin K1 because it is indicative of the overall
status, and that measure was shown to correspond to vitamin K
nutritional intake in an earlier population-based study (16).
Other functional biomarkers exist, which include measuring the
circulating concentrations of undercarboxylated vitamin K–
dependent proteins, such as MGP (48). It will be important to
explore additional measures of vitamin K status in future studies
to obtain additional information on how vitamin K may in-
fluence the calcification process. Warfarin is commonly used to
treat some types of heart disease, some of which may be related
to calcification (49). Because warfarin is a vitamin K antagonist,
warfarin users were not eligible for inclusion in the current
study, and our results are not applicable to patients taking
warfarin. Because of the low prevalence of warfarin use, we are
unable to comment on whether warfarin, through a reduction in
vitamin K activity, would relate to CAC progression on its own.
Although CAC progression has been associated with increased
risk of clinical cardiac events and mortality (3, 4), the rele-
vance of low serum vitamin K1 to clinical CVD remains to be
determined.

In conclusion, although the point estimate of our primary
analysis suggests a serum vitamin K1 concentration,1.0 nmol/L
could be associated with greater CAC progression, it was NS.
We unexpectedly showed that hypertensives (defined according
to medication use) were significantly more likely to have ex-
treme CAC progression if they had low serum vitamin K1 than
were persons who were not taking antihypertension medication.
Because 20% of adults in the Untied States are treated for hy-
pertension (50), and we estimated 50% of US adults have low
vitamin K status (on the basis of a serum vitamin K1 concen-
tration ,1.0 nmol/L), future mechanistic and clinical studies are
needed to understand why vitamin K appears to be more rele-
vant to CAC progression in persons being treated for hyper-
tension and to determine whether vitamin K’s role in CAC
progression differs according to specific classes of hypertension
medications.
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