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ABSTRACT
Background: Vitamin K-dependent proteins in vascular tissue
affect vascular stiffness and calcification, which is associated with
cardiovascular disease (CVD) and all-cause mortality.
Objective: To determine the association of circulating vitamin K
concentrations with CVD and all-cause mortality by conducting a
participant-level meta-analysis.
Methods: We obtained individual participant-level data from the
Health, Aging, and Body Composition Study, the Multi-Ethnic Study
of Atherosclerosis, and the Framingham Offspring Study, known
cohorts with available measures of fasting circulating phylloquinone
(vitamin K-1) and confirmed CVD events and mortality. Circulating
phylloquinone was measured in a central laboratory from fasting
blood samples and categorized as ≤0.5 nmol/L, >0.5–1.0 nmol/L,
and >1.0 nmol/L. Multivariable Cox proportional hazard regression
with multiple imputations was used to evaluate the association of
circulating phylloquinone with incident CVD and all-cause mortality
risk.
Results: Among 3891 participants (mean age 65 ± 11 y; 55%
women; 35% nonwhite), there were 858 incident CVD events and
1209 deaths over a median of 13.0 y. The risk of CVD did not
significantly differ according to circulating phylloquinone [fully
adjusted HR (95% CI) relative to >1.0 nmol/L: ≤0.5 nmol/L, 1.12
(0.94, 1.33); >0.5–1.0 nmol/L, 1.02 (0.86, 1.20)]. Participants with
≤0.5 nmol/L circulating phylloquinone had an adjusted 19% higher
risk of all-cause mortality compared with those with >1.0 nmol/L
[fully adjusted HR (95% CI): 1.19 (1.03, 1.38)]. Mortality risk was
similar in participants with >0.5–1.0 nmol/L compared with >1.0
nmol/L [fully adjusted HR (95% CI): 1.04 (0.92, 1.17)].
Conclusions: Low circulating phylloquinone concentrations were
associated with an increased risk of all-cause mortality, but not
of CVD. Additional studies are needed to clarify the mechanism
underlying this association and evaluate the impact of increased
phylloquinone intake on cardiovascular and other health outcomes
in individuals with low vitamin K status. Am J Clin Nutr
2020;111:1170–1177.
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Introduction
A role for vitamin K in cardiovascular disease (CVD) has been

proposed because vascular tissue contains vitamin K–dependent
proteins such as matrix gla protein (MGP) (1). MGP, when
posttranslationally carboxylated via a vitamin K–dependent
process, inhibits calcification in vascular and other tissues (2).
When vitamin K status is low, less MGP is carboxylated,
a scenario linked to more arterial calcification in preclinical
models (3). Coronary artery calcification (CAC), an indication
of atherosclerotic CVD (4), and peripheral artery calcification,
which contributes to arteriosclerosis and arterial stiffening (5),
are associated with increased risk of incident clinical CVD and
all-cause mortality (6, 7).

In the Multi-Ethnic Study of Atherosclerosis (MESA), par-
ticipants with low serum phylloquinone, the primary circulating
form of vitamin K, had a statistically nonsignificant 34%
increased odds of CAC progression compared with those with
adequate serum phylloquinone [OR (95% CI): 1.34 (0.94, 1.90)].
However, the association differed according to hypertension
status, such that low serum phylloquinone was associated with
a 2-fold higher odds of CAC progression in participants treated
for hypertension [OR (95% CI): 2.37 (1.38, 4.09)], but was
not associated with CAC progression in those not treated for
hypertension [OR (95% CI): 0.79 (0.47, 1.30)] (8). This finding
was replicated in a post hoc analysis of a randomized controlled
trial that tested the effect of phylloquinone supplementation
on CAC progression (8, 9). In the Health, Aging, and Body
Composition Study (Health ABC), low plasma phylloquinone
was associated with a >2-fold higher risk of incident CVD in
participants treated for hypertension (10). Although these results
might suggest a unique association between circulating vitamin K
and CVD in people with hypertension, an alternative explanation
is that vitamin K might be more relevant to CVD in individuals
with higher baseline cardiovascular risk, because hypertension is
a risk factor for CVD.

To better assess the association of circulating phylloquinone
with incident CVD and all-cause mortality, we conducted
an individual participant-level meta-analysis using data from
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MESA, Health ABC, and Framingham Offspring, 3 population-
based cohort studies in which fasting circulating phylloquinone
measures and confirmed CVD events were available. We evalu-
ated the association overall and in a priori specified subgroups
defined according to baseline CVD risk and standard risk factors.

Methods

Participants

We included participants in the MESA (n = 780), Health ABC
(n = 1858), and Framingham Offspring (n = 1976) cohorts for
whom measures of fasting circulating phylloquinone and triglyc-
erides were available. To our knowledge, these 3 studies are the
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only cohorts with available measures of fasting circulating phyl-
loquinone, triglycerides, and confirmed CVD events. (Phylloqui-
none is transported on triglyceride-rich lipoproteins in circula-
tion, so triglycerides are an essential covariate.) In MESA and the
Framingham Offspring, participants with circulating phylloqui-
none measures did not differ from those without such measures
with respect to any pertinent demographic or clinical characteris-
tics (11, 12). Health ABC participants with plasma phylloquinone
measurements had higher LDL cholesterol, were more likely to
be black and/or female, and less likely to smoke compared with
those without plasma phylloquinone measurements (10). War-
farin users were excluded because warfarin antagonizes vitamin
K–dependent protein carboxylation (n = 63 Health ABC, n = 41
Framingham Offspring). Participants with CVD events prior to
vitamin K measurement were also excluded (n = 411 Health
ABC, n = 207 Framingham Offspring). All MESA participants
were free of clinical CVD at baseline, and serum phylloquinone
was measured only in participants not taking warfarin. Although
our original MESA analysis used a case-cohort design, with
cases selected based on a high rate of CAC progression (8),
only MESA participants in the randomly chosen subcohort were
included in the current meta-analysis (Supplemental Figure 1).
In Health ABC, plasma phylloquinone was measured at the 12-
mo follow-up clinic visit (10). In Framingham Offspring, plasma
phylloquinone was measured at exam 6/7 (12). Health ABC and
Framingham Offspring participants who had a CVD event prior to
their circulating phylloquinone measurement were not included.
Additional details about participant characteristics, follow-up,
and events in each cohort are provided in Supplemental
Table 1.

The study was approved by the Tufts University Health
Sciences Institutional Review Board. All participants of MESA,
Health ABC, and the Framingham Offspring Study gave written
informed consent.

Circulating phylloquinone

In all 3 cohorts, circulating phylloquinone was measured from
fasting samples using HPLC by the Vitamin K Laboratory at
Tufts University, as described (13). The laboratory participates
in the Vitamin K External Quality Assurance (KEQAS) program
(14). In >15 y of KEQAS participation, the laboratory has
consistently generated serum/plasma phylloquinone data within
the acceptable range of expected values (analyses occur every 4
mo, for >30 cycles of verification) (14). Low and high control
specimens had average values of 0.56 and 3.1 nmol/L, with intra-
and interassay CVs of 4.2% and 4.9%, respectively.

Outcomes

Because the proposed mechanism linking vitamin K to CVD
involves vascular calcification, which is associated with all-
cause mortality, not just CVD (6, 7), we evaluated incident
CVD and all-cause mortality as separate outcomes in our main
analysis. CVD was defined as first nonfatal coronary heart disease
(CHD) event (myocardial infarction, resuscitated cardiac arrest,
revascularization, angina), first nonfatal stroke, or fatal CHD or
stroke. Confirmation methods of CVD and mortality events in
each study have been described (15–18) and are provided in the
Supplemental Methods. Because death is a competing risk for
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incident CVD (19), a composite outcome of incident CVD or all-
cause mortality was analyzed as a secondary outcome.

Covariates

In each cohort, demographic characteristics, including age,
sex, race/ethnicity, and education were ascertained using ques-
tionnaires. For statistical purposes, race was categorized as white
or nonwhite, ethnicity was categorized as Hispanic or non-
Hispanic, and education as less than high school, high school
graduate, or college graduate. Race, ethnicity, and education
variables also included a not reported category. BMI was
calculated from height and weight measures obtained at clinic
visits. Triglycerides, glucose, and C-reactive protein (CRP) were
analyzed from fasting blood samples as described (20–23). LDL
cholesterol was calculated from total and HDL cholesterol using
the Friedewald equation. The estimated glomerular filtration
rate (eGFR) was calculated from serum creatinine using the
Modification of Diet in Renal Disease Study (MDRD) equation in
Health ABC (24) and the Chronic Kidney Disease Epidemiology
Collaboration formula in MESA and the Framingham Offspring
(25). Estimated GFR was categorized as <60 or ≥60 mL ·
min−1 · 1.73 m-2. Smoking status (current yes/no) and alcohol
intake (drinks per week) were self-reported. In MESA and the
Framingham Offspring, medication use was also self-reported. In
Health ABC, participants brought all medications taken within
the past 2 wk to the clinic visit. Medication use was recorded
and coded by using the Iowa Drug Information system. In MESA
and the Framingham Offspring, leisure-time physical activity
was estimated using self-administered questionnaires (26, 27).
In Health ABC and MESA, physical activity was based on
self-reported time spent walking per week. In the Framingham
Offspring physical activity was based on minutes of moderate
activity per week. All 3 cohorts administered FFQs to estimate
dietary intakes, as described (28–30). We included energy-
adjusted β-carotene intake as an indicator of diet quality as a
covariate in the fully adjusted models. Circulating phylloquinone
can reflect healthy diets because the primary dietary sources of
phylloquinone are green leafy vegetables and vegetable oils (31).
β-Carotene intake also reflects healthy diet patterns (32), but the
dietary sources of β-carotene are not all the same as the dietary
sources of phylloquinone.

In MESA all covariates were measured at the baseline visit.
In Health ABC, covariates were measured at the 12-mo clinic
visit, except for triglycerides, alcohol intake, and smoking, which
were assessed 1 y prior, at baseline. In the Framingham Offspring,
covariates were measured at exam 6 or 7, except for physical
activity, which was evaluated at exam 8.

Statistical approach

Participants were categorized according to circulating phyllo-
quinone as ≤0.5 nmol/L, >0.5–1.0 nmol/L, and >1.0 nmol/L.
These categories are based on the results of controlled metabolic
feeding studies demonstrating that circulating phylloquinone
is ∼1.0 nmol/L when the recommended Adequate Intakes for
vitamin K are met (33, 34). Accordingly, a concentration ≤0.5
nmol/L reflects dietary vitamin K intake that is ∼50% or less of
the recommended Adequate Intakes.

HRs and 95% CIs for incident CVD and all-cause mortality
were calculated according to circulating phylloquinone cate-
gory using Cox proportional hazard regression models, in a
1-stage individual participant-level meta-analysis with fixed
cohort effects. Censoring occurred at latest follow-up date
available for participants without an event. HRs and 95% Wald
CIs for incident CVD and all-cause mortality across circulating
phylloquinone categories were calculated. We evaluated the
associations overall, then verified the consistency of the results
by stratifying the models by cohort, sex, baseline CVD risk
[based on the Framingham Risk Score (35)], and standard CVD
risk factors, including diabetes (defined as being treated with
diabetes medication), hypertension (defined as being treated with
antihypertensive medication), and hyperlipidemia (defined as
being treated for hyperlipidemia or having total cholesterol >200
mg/dL or triglycerides >150 mg/dL). P values for joint tests
of the interaction terms were calculated using an SAS macro
(SAS v9.4, SAS Institute) to combine chi-square statistics from
imputed data sets (36).

Models were adjusted for study (unless stratified) and
clinic/site (model 0), then for age, sex, race (white/nonwhite),
Hispanic ethnicity, education, BMI, triglycerides, LDL
cholesterol, fasting glucose, CRP, systolic blood pressure, eGFR,
antihypertensive medication use, diabetes medication use, lipid-
lowering medication use, anti-inflammatory medication use
(model 1), and additionally for smoking status, alcohol intake,
physical activity, and energy-adjusted β-carotene intake (model
2). The proportional hazard assumption was assessed by plotting
the log of the negative log of the estimated survival function
against time (on log scale) for categorical variables and assessed
by examining Schoenfeld residuals for continuous variables. All
variables showed no evidence of proportional hazards violation,
with the exception of the race variable. To test robustness of the
models, a race by time interaction term was included and found
to be nonsignificant (P = 0.521) and did not change the reported
HRs.

For the main analyses, multiple imputation procedures were
used based on the joint normal model and implemented with
the SAS MI and MIANALYZE procedures. Missingness patterns
were examined and showed evidence to support assumption of
an arbitrary pattern of missingness. All covariates in the fully
adjusted model were included in the multiple imputation analysis.
Among these variables, β-carotene, glucose, triglyceride, and
CRP were log-transformed prior to imputation to account for
skewness. Auxiliary variables included vitamin K status, age,
sex, race, ethnicity, education, and study site. An expectation-
maximization algorithm and a Markov chain Monte Carlo proce-
dure were specified and the number of imputations was 30. After
imputations, BMI, Framingham Risk Score, hyperlipidemia, and
eGFR imputed values were categorized and then used in the Cox
regression models. Imputed categorical variables were rounded
to the nearest integer. The frequencies of missing data are shown
in Supplemental Table 2.

In a secondary analysis, the association of circulating
phylloquinone with a composite outcome of incident CVD
or all-cause mortality was evaluated using a similar approach.
In sensitivity analyses, we conducted complete case analyses
(using only participants with complete covariate data) and
2-step meta-analyses using complete cases for the overall model.
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TABLE 1 Combined participant characteristics (Health ABC, MESA, Framingham Offspring), according to
circulating phylloquinone at baseline1

≤0.5 nmol/L
(n = 1081)

>0.5–1.0 nmol/L
(n = 1112)

>1.0 nmol/L
(n = 1698)

Age,2 y 65 ± 11 66 ± 11 64 ± 10
Female,3 n (%) 631 (58) 616 (55) 907 (53)
Nonwhite,3 n (%) 431 (40) 357 (32) 583 (34)
Non-Hispanic ethnicity,2 n (%) 918 (85) 1007 (91) 1513 (89)
BMI,3 kg/m2, n (%)

≥30.0 302 (28) 306 (27) 509 (30)
25–29.9 426 (39) 441 (40) 733 (43)
<24.9 353 (33) 365 (33) 452 (27)

Framingham Risk Score,3 n (%)
>20% 385 (36) 467 (42) 711 (42)
>10–20% 297 (27) 279 (25) 447 (26)
≤10% 399 (37) 364 (33) 536 (32)

Hypertension medication use,3 n (%) 369 (34) 429 (39) 691 (41)
Systolic blood pressure,3 mmHg 128 ± 20 130 ± 20 130 ± 20
Diabetes medication use, n (%) 82 (8) 90 (8) 132 (8)
Fasting glucose,3 mg/dL 99 ± 26 100 ± 24 102 ± 26
LDL cholesterol,2 mg/dL 119 ± 32 123 ± 34 124 ± 34
Triglycerides,2 mg/dL 110 ± 49 122 ± 60 157 ± 97
Hyperlipidemia,3,4 n (%) 508 (50) 609 (58) 1008 (65)
Anti-inflammatory medication use,2 n (%) 292 (27) 322 (29) 390 (23)
CRP,2 mg/dL 5.6 ± 12.5 4.6 ± 7.9 4.2 ± 7.2
eGFR <60 mL · min−1 · 1.73 m-2 , n (%) 387 (36) 440 (40) 625 (37)
Cohort,2 n (%)

Health ABC 387 (36) 477 (43) 520 (30)
MESA 254 (23) 144 (13) 381 (22)
Framingham Offspring 440 (41) 491 (44) 797 (47)

Current smoker,2 n (%) 190 (18) 110 (10) 178 (11)
Alcohol intake,2 drinks/wk, n (%)

>7 153 (14) 186 (17) 334 (20)
1–7 292 (27) 312 (28) 499 (30)
<1 630 (59) 606 (55) 852 (50)

β-Carotene intake,2 μg/d 3798 ± 2882 4044 ± 3152 4325 ± 3081
Phylloquinone intake,2 μg/d 114 ± 110 120 ± 93 135 ± 112
Energy intake, kcal/d 1828 ± 727 1841 ± 755 1776 ± 707
Physical activity, min/wk 241 ± 355 219 ± 328 244 ± 351

1Data are presented as n (%) or mean ± SD. CRP, C-reactive protein; eGFR, estimated glomerular filtration rate;
Health ABC, Health, Aging, and Body Composition Study; MESA, Multi-Ethnic Study of Atherosclerosis.

2Overall difference across groups P ≤ 0.001, based on 1-factor ANOVA for continuous variables or chi-square
test for categorical variables.

3Overall difference across groups P < 0.05 (but >0.001), based on 1-factor ANOVA for continuous variables or
chi-square test for categorical variables.

4Defined as being treated for hyperlipidemia or having total cholesterol >200 mg/dL or triglycerides >150
mg/dL.

Heterogeneity in the 2-step meta-analyses was quantified with
τ -squared and I-squared measures using the meta package in R
version 3.6 (R Foundation). All other analyses used SAS v. 9.4
(SAS Institute). Statistical significance was set at the 2-sided
0.05 α level.

Results
We included 3891 total participants: 779 from MESA, 1384

from Health ABC, and 1728 from Framingham Offspring.
Baseline characteristics according to circulating phylloquinone
categories are shown in Table 1. Twenty-eight percent had
circulating phylloquinone ≤0.5 nmol/L, and 43% had circulating

phylloquinone >1.0 nmol/L. Overall, the mean ± SD age was
65 ± 11 y, 55% of participants were female, and 35% were non-
whites. Circulating phylloquinone was significantly positively
correlated with triglycerides, LDL cholesterol, systolic blood
pressure, hypertension, and β-carotene intake (all P ≤ 0.03) and
inversely correlated with CRP (P < 0.001).

During a median follow-up of 13.0 y (12.1 y in MESA, 11.5 y
in Health ABC, 15.1 y in the Framingham Offspring) from the
time of phylloquinone measurement, there were 858 incident
CVD events, 1209 deaths, and 1570 composite outcome events
(incident CVD or all-cause mortality).

Participants with ≤0.5 nmol/L circulating phylloquinone had
an adjusted 12% higher risk of incident CVD compared with
those with >1.0 nmol/L, but this difference was not statistically
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FIGURE 1 HR (95% CI) for incident CVD (A) and all-cause mortality (B) in persons with ≤0.5 nmol/L (n = 1081) and with >0.5–1.0 nmol/L (n = 1112)
circulating phylloquinone, compared with those with >1.0 nmol/L (n = 1698), overall and according to baseline risk factors Values were obtained using Cox
proportional hazard regression with multiple imputations adjusted for study, clinic/site, age, sex, race, Hispanic ethnicity, education, BMI category, triglycerides,
LDL cholesterol, fasting glucose, C-reactive protein, systolic blood pressure, eGFR (<60 or ≥60 mL · min−1 · 1.73 m-2 ), antihypertensive medication use,
diabetes medication use, lipid-lowering medication use, anti-inflammatory medication use, smoking status, alcohol intake, physical activity, and energy-adjusted
β-carotene intake. Rectangles represent the HRs and horizontal lines represent the corresponding 95% CIs. 1Interaction P value = 0.01; all other interaction P
values >0.09. CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; FRS, Framingham Risk Score; Health ABC, Health, Aging, and Body
Composition Study; MESA, Multi-Ethnic Study of Atherosclerosis.

significant [fully adjusted HR (95% CI): 1.12 (0.94, 1.33)].
The risk of CVD was similar in those with >0.5–1.0 nmol/L
compared with those with >1.0 nmol/L [fully adjusted HR
(95% CI): 1.02 (0.86, 1.20)]. The association of low circulating
phylloquinone with incident CVD differed between those with
low kidney function (eGFR <60 mL · min−1 · 1.73 m-2) and
those with normal kidney function (eGFR ≥60 mL · min−1

· 1.73 m-2) (interaction P = 0.01), but no other significant
interactions were detected (all interaction terms P > 0.09)
(Figure 1, Supplemental Table 3).

Participants with ≤0.5 nmol/L circulating phylloquinone had
an adjusted 19% higher risk of all-cause mortality compared
with those with >1.0 nmol/L [fully adjusted HR (95% CI):
1.19 (1.03, 1.38)]. Mortality risk was similar in participants with
>0.5–1.0 nmol/L compared with >1.0 nmol/L [fully adjusted HR
(95% CI): 1.04 (0.92, 1.17)]. The association between circulating
phylloquinone and all-cause mortality did not significantly differ
according to any baseline risk factors tested (all interaction terms
P ≥ 0.10 in fully adjusted models) (Figure 1, Supplemental
Table 4).

In our secondary analysis, participants with circulating phyl-
loquinone concentrations ≤0.5 nmol/L had an 18% higher risk
for the composite outcome (incident CVD or all-cause mortality)
compared with those with concentrations >1.0 nmol/L [fully
adjusted HR (95% CI): 1.18 (1.04, 1.34)] (Supplemental Table
5). The risk of the composite outcome was similar in participants
with >0.5–1.0 nmol/L and >1.0 nmol/L [fully adjusted HR (95%
CI): 1.04 (0.92, 1.17)].

In our complete case sensitivity analyses, participants with
circulating phylloquinone ≤0.5 nmol/L had an adjusted 15%
higher risk of incident CVD compared with those with >1.0
nmol/L, but the difference was also not statistically significant

[HR = 1.15 (0.95, 1.40)]. The adjusted risk did not differ between
those with >0.5–1.0 nmol/L and those with >1.0 nmol/L
[HR = 0.99 (0.83, 1.19)]. The adjusted risk of all-cause mortality
was 28% higher in participants with ≤0.5 nmol/L phylloquinone,
compared with those with 1.0 nmol/L [fully adjusted HR: 1.28
(1.08, 1.51)], but the adjusted all-cause mortality risk did not
differ between those with >0.5–1.0 nmol/L and those with
>1.0 nmol/L [fully adjusted HR: 1.05 (0.89, 1.23)].

When analyzed using a 2-step approach, the HR for incident
CVD in participants with ≤0.5 nmol/L circulating phylloqui-
none, compared with those with >1.0 nmol/L, was 1.14 (0.92,
1.40), whereas among those with >0.5–1.0 nmol/L circulating
phylloquinone, the HR for CVD was 1.01 (0.79, 1.30) in adjusted
models. The HR for all-cause mortality in participants with ≤0.5
nmol/L circulating phylloquinone, compared with those with
>1.0 nmol/L, was 1.30 (1.09, 1.54), whereas among those with
>0.5–1.0 nmol/L circulating phylloquinone, the HR for all-cause
mortality was 1.05 (0.87, 1.30). Heterogeneity was nonsignificant
for both outcomes (I2 ≤ 33%; P ≥ 0.22) (Supplemental Figures
2 and 3).

Discussion
In a participant-level meta-analysis of adults without clinically

apparent CVD from 3 well-defined, community-based, multieth-
nic cohorts, the risk of incident CVD did not significantly differ
according to circulating phylloquinone status. However, individ-
uals with circulating phylloquinone concentrations ≤0.5 nmol/L
had a 19% higher risk of all-cause mortality, compared with
those with >1.0 nmol/L, independent of known risk factors and
potential confounders. The hypothesis that vitamin K status is
associated with CVD and all-cause mortality is biologically based
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on the presence of vitamin K–dependent proteins in vascular
tissue that inhibit calcification. CAC is indicative of subclinical
atherosclerotic CVD (4) and is positively associated with all-
cause mortality risk (6, 7). However, arterial calcification is not
confined to coronary arteries and systemic arterial calcification
is associated with all-cause mortality as well. In the Rotterdam
cohort, a 1 SD increase in calcification in the aortic arch, in
the extracranial and intracranial carotid arteries, and in the
coronary arteries, was associated with a 29–49% higher risk
of total mortality (7). These findings were consistent with the
associations of coronary and noncoronary artery calcification
with total mortality in a clinic-based US cohort (6). The all-cause
mortality outcome may better capture the wide spectrum of events
associated with worse systemic vascular health, and could explain
why we found low circulating phylloquinone to be associated
with a higher risk of all-cause mortality but not of incident CVD.

Motivated by prior observations that low circulating phyllo-
quinone was associated with a higher odds of CAC progression
(8) and risk of CVD (10) in persons taking antihyperten-
sive medications, we explored the association of circulating
phylloquinone with incident CVD and all-cause mortality in
subgroups defined according to baseline CVD risk and risk
factors. In contrast to our previous study (10), the association
of circulating phylloquinone with incident CVD did not differ
based on hypertension status in this meta-analysis. However,
we detected an interaction between circulating phylloquinone
and kidney function such that circulating phylloquinone was
significantly associated with incident CVD in participants with
normal kidney function, but not in participants with low kidney
function. Because hypertension is a main risk factor for impaired
kidney function, this finding is also inconsistent with what we
found previously (10). In evaluating 8 participant characteristic
subgroups across 3 circulating phylloquinone categories at the
0.05 α level, ≥1 significant P value could be due to chance alone.
The results of subgroup analyses should be cautiously interpreted
until substantiated in future studies.

Several observational studies have evaluated the association
between vitamin K intake and CVD events and mortality,
with equivocal results. Most studies did not find a significant
association between phylloquinone intake and incident CVD (37,
38). Higher intakes of menaquinones (vitamin K-2) have been
associated with a lower risk for CHD in several studies (37,
39), but not with stroke or mortality (40). Dietary menaquinones
are vitamin K forms found in meat, dairy, and fermented
foods, whereas phylloquinone is found primarily in green leafy
vegetables and vegetable oils. Although both vitamin K forms
are in the food supply, phylloquinone is the primary form in
circulation (41). Although there is an enthusiasm among some
for supplemental menaquinones in reducing CVD risk based on
the current evidence in humans (42), the relative importance of
menaquinones compared with phylloquinone to cardiovascular
health and other health outcomes is unknown. Filling this gap
will require randomized controlled trials designed to compare the
effects of the different vitamin K forms on CVD and non-CVD
outcomes.

Although circulating phylloquinone is considered a global
indicator of vitamin K status, other biomarkers exist. For
example, circulating dephosphorylated uncarboxylated MGP
[(dp)ucMGP] decreases in response to vitamin K supplemen-
tation (43) and is thought to be a functional indicator of

vitamin K status in vascular tissue when corrected for the total
amount of MGP in circulation (44). Higher plasma (dp)ucMGP
(indicative of lower vitamin K status) has been associated with
a higher risk of CVD and mortality in some (45, 46), but not
all (47, 48), studies. We did not find any association between
plasma (dp)ucMGP and incident CVD in Health ABC (10).
Higher (dp)ucMGP concentrations also reflect higher circulating
total MGP (measured regardless of carboxylation status) (49),
and MGP synthesis is regulated by factors other than vitamin
K, including calcium (50). Therefore, studies linking vitamin
K status to CVD based only on circulating (dp)ucMGP are
prone to confounding unless the total MGP is accounted for.
Unfortunately (dp)ucMGP measures are not available in MESA
or the Framingham Offspring, so we were unable to include them
in our meta-analysis.

To the best of our knowledge, this is the largest study
of circulating phylloquinone and clinical events, which is a
notable strength. In each cohort, circulating phylloquinone was
measured using the same assay by the same laboratory, which
minimized the interlaboratory variation with respect to the
exposure of interest. All samples were obtained in a fasted state,
and we also adjusted our statistical models for triglycerides.
This is important because circulating phylloquinone is carried
on triglyceride-rich lipoproteins and varies postprandially. In a
substudy of the Dutch Prospect cohort, postmenopausal women
with higher plasma phylloquinone were more likely to have
prevalent CAC (51). However, the plasma samples from which
phylloquinone was measured were not obtained in a fasted state
and triglyceride measures were unavailable. Because it was
not possible to minimize the confounding by triglycerides or
postprandial elevations in circulating phylloquinone, we did not
include this cohort in our meta-analysis.

The following limitations merit consideration. Even though
we combined participant-level data from 3 separate cohorts, our
available sample size was small compared with other participant-
level meta-analyses of nutritional status (52). In all 3 cohorts,
circulating phylloquinone was measured from a single blood
draw. Repeated measures over time would be more reflective
of long-term status and reduce misclassification bias, but were
not available. Higher circulating phylloquinone concentrations
can reflect healthier diets and lifestyles. We adjusted for
β-carotene intake—which also reflects healthy diets (32)—and
physical activity, but acknowledge that residual confounding
might exist. There were fewer incident CVD events, compared
with total deaths, which might have also reduced our ability
to detect significant differences in CVD risk across circulating
phylloquinone categories. Our statistical power to evaluate CVD
subtypes and cause-specific mortality was also limited. Because
the majority of participants were white, generalizability to other
racial or ethnic groups is uncertain. Our results are also not
applicable to patients taking warfarin because warfarin users were
excluded. Given the observational design, causation cannot be
inferred.

In conclusion, our results suggest that individuals with <0.5
nmol/L circulating phylloquinone are at higher risk for all-cause
mortality. Additional studies are needed to clarify the mechanism
underlying the association of circulating phylloquinone with all-
cause mortality and evaluate the impact of increased phyllo-
quinone intake on cardiovascular and other health outcomes in
individuals with low vitamin K status.
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