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Abstract

Background: Reasons for increased risk of hypertension in Black compared with White
people are only partly understood. D-dimer, a thrombo-inflammatory marker higher in
Black individuals, is also higher in people with hypertension. However, the impact of
D-dimer on racial disparities in risk of incident hypertension has not been studied.
Obijectives: To assess whether D-dimer is associated with the risk of incident hyper-
tension, whether the association between D-dimer and the risk of incident hyperten-
sion differs by race, and whether the biology reflected by D-dimer explains racial
disparities in the risk of incident hypertension.

Methods: This study included 1867 participants in the REasons for Geographic And
Racial Differences in Stroke cohort study without baseline hypertension and with a
second visit 9.4 years after baseline. Risk ratios of incident hypertension by baseline D-
dimer level were estimated, a D-dimer-by-race interaction was tested, and the
mediating effect of D-dimer (which represents underlying biological processes) on the
association of race and hypertension risk was assessed.

Results: The risk of incident hypertension was 47% higher in persons in the top quartile
than in those in the bottom quartile of D-dimer (risk ratio [RR]: 1.47; 95% Cl: 1.23-
1.76). The association was partly attenuated after adjusting for sociodemographic and
adiposity-related risk factors (RR: 1.22; 95% Cl: 1.02-1.47). The association of D-dimer
and hypertension did not differ by race, and D-dimer did not attenuate the racial dif-
ference in the risk of incident hypertension.

Conclusion: D-dimer concentration reflects pathophysiology related to the develop-
ment of hypertension. Specific mechanisms require further study and may involve

adiposity.

KEYWORDS
biomarkers, D-dimer, hypertension, inflammation, racial groups

© 2022 The Authors. Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Res Pract Thromb Haemost. 2023;7:e100016
https://doi.org/10.1016/j.rpth.2022.100016

www.rpth.isth.org

1of 10


https://doi.org/10.1016/j.rpth.2022.100016
Delta:1_given name
https://twitter.com/deborascience
https://twitter.com/deborascience
https://twitter.com/deborascience
https://twitter.com/deborascience
Delta:1_surname
https://twitter.com/BoyiGuo
https://twitter.com/BoyiGuo
https://twitter.com/BoyiGuo
https://twitter.com/BoyiGuo
Delta:1_given name
https://twitter.com/dleannlong
https://twitter.com/dleannlong
https://twitter.com/dleannlong
https://twitter.com/dleannlong
https://twitter.com/dleannlong
Delta:1_surname
https://twitter.com/suzjudd
https://twitter.com/suzjudd
https://twitter.com/suzjudd
https://twitter.com/suzjudd
Delta:1_given name
https://twitter.com/suzjudd
https://twitter.com/suzjudd
https://twitter.com/suzjudd
https://twitter.com/suzjudd
Delta:1_surname
https://twitter.com/StatGirlLAM
https://twitter.com/StatGirlLAM
https://twitter.com/StatGirlLAM
https://twitter.com/StatGirlLAM
Delta:1_given name
https://twitter.com/aswolberg
https://twitter.com/aswolberg
https://twitter.com/aswolberg
https://twitter.com/aswolberg
Delta:1_surname
https://twitter.com/aswolberg
https://twitter.com/aswolberg
https://twitter.com/aswolberg
https://twitter.com/aswolberg
Delta:1_given name
https://twitter.com/aswolberg
https://twitter.com/aswolberg
https://twitter.com/aswolberg
Delta:1_surname
https://twitter.com/MaryCushmanMD
mailto:mary.cushman@uvm.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.rpth.isth.org
https://doi.org/10.1016/j.rpth.2022.100016

KAMIN MUKAZ €T AL

20of 10 rpm

research & practice
in thrombosis & haemostasis

Essentials

« We studied whether D-dimer, a factor reflecting clotting and inflammation, related to the risk of hypertension.

¢ D-dimer levels were measured in 1867 people followed for 10 years for hypertension development.

« A higher D-dimer level was associated with a higher risk of hypertension.

» Future research should examine biological pathways linking D-dimer to hypertension.

1 | INTRODUCTION

Using the Seventh Report of the Joint National Committee on Pre-
vention, Detection, Evaluation, and Treatment of High Blood Pressure
definition for hypertension (>140/90 mm Hg) [1], in 2017-2018,
31.7% of US adults aged >18 years had hypertension, with a dispro-
portionate impact on non-Hispanic Black adults (40.1%) compared
with non-Hispanic White adults (32.7%) [2]. Hypertension is a leading
contributor to cardiovascular disease burden; however, the underlying
causes of essential hypertension, which accounts for 95% of all cases
[3], are still ill-defined. Previous studies have suggested that hyper-
tension confers a prothrombotic state [4,5].

Development of hypertension is linked to abnormalities of the
vascular wall and inflammation through several potential mechanisms
[6,7]. Vessel wall damage confers a procoagulant state by enabling the
initiation of coagulation and production of thrombin [6]. Thrombin has
numerous pathologic roles, including promotion of vascular constric-
tion [8], which may increase peripheral resistance and blood pressure.
A recent experimental study in hypertensive mice and rats showed
that the factor Xl-dependent thrombin generation feedback loop
amplified coagulation and promoted vascular inflammation. Inhibition
of the thrombin-factor Xl loop with an antisense oligonucleotide
against factor Xl reduced vascular dysfunction and attenuated arterial
hypertension. These findings suggest that the coagulation-
inflammation circuit involving thrombin generation is an important
regulator of hypertension [9].

Thrombin also converts fibrinogen to the insoluble product fibrin,
which provides structural support for thrombi [10]. Following
thrombus formation, plasmin-mediated degradation of fibrin enables
thrombus resolution. D-dimer is a byproduct of fibrin breakdown, and
although it does not have enzymatic activity, in epidemiology studies,
its measurement has proven useful in identifying pathways of disease
risk related to thrombo-inflammation. Specifically, thrombin, fibrin,
and D-dimer are intertwined with inflammatory responses and
inflammatory-mediated disease [11,12]. Higher D-dimer is associated
with adverse levels of C-reactive protein (CRP), interleukin 6, inter-
leukin 8, and soluble CD14, indicating that it is a marker of amplified
inflammatory responses [13]. Inflammation promotes hypertension by
causing endothelial damage, triggering oxidative stress, and activating
the sympathetic nervous system [14], and indeed, inflammatory bio-
markers are related to hypertension risk [15,16].

Evidence linking D-dimer with hypertension comes mostly from
cross-sectional studies [17-20]. A single longitudinal study evaluated

the association between D-dimer and incident hypertension in a US
clinical trial population [21]. However, this study only included male
physicians (primarily White men), and racial differences were not
analyzed. Because Black adults have higher D-dimer levels than White
adults [22] and they are at substantially greater risk of hypertension,
studying race differences in the association between D-dimer and
hypertension risk and determining whether D-dimer as a marker of
biological pathways involved in racial disparities in hypertension risk is
essential.

Consequently, this study aimed to address the following ques-
tions: (1) whether individuals with higher D-dimer levels are at a
higher risk of developing hypertension, (2) whether the association of
D-dimer with the risk of incident hypertension differs between Black
and White individuals, and (3) whether the biology represented by D-
dimer might mediate racial differences in the risk of incident hyper-
tension. To generate hypotheses for future work, we also tested the
interaction of gender and D-dimer on hypertension risk.

2 | METHODS

The REasons for Geographic And Racial Differences in Stroke
(REGARDS) study is a national, population-based, longitudinal study
whose main objectives focus on racial and geographic disparities in
stroke mortality. From 2003 to 2007, the study enrolled 30,239 Black
and White participants, aged >45 years, by oversampling of the Black
population and residents of the Stroke Belt region of the United
States (North Carolina, South Carolina, Georgia, Tennessee, Mis-
sissippi, Alabama, Louisiana, and Arkansas). At baseline, participants
were interviewed using computer-assisted telephone interview tech-
nology, completed a self-administered questionnaire, and were
assessed in an in-home evaluation. Telephone interviews have been
performed at 6-month intervals to identify potential cardiovascular
events and assess cognitive functioning. Further details on the
methodology have previously been published [23]. The REGARDS
study was reviewed and approved by all institutional review boards at
all participating universities. All participants provided written consent.

From 2013 to 2016, the REGARDS study participants were
invited to undergo repeat evaluation using computer-assisted tele-
phone interview technology, self-administered questionnaires, and in-
home assessments. Individuals who chose not to participate in the
second phase remained active in the ongoing 6-month telephonic
assessments.
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From the 13,912 participants attending both in-home visits, a
nested sex- and race-stratified cohort of 4400 participants—the Bio-
markers as Mediators of Racial Disparities in Risk Factors (Bio-
MedioR) study—was selected as previously described [24]. The group
comprised 50% men, 50% women, 50% Black participants, and 50%
White participants. Goals of the BioMedioR study were to assess the
association between biomarkers and incident hypertension and to
determine the effects of biomarkers on racial disparities in hyper-
tension risk. The BioMedioR study measured baseline biomarkers,
including D-dimer, that were selected because of known race differ-
ences in levels and known cross-sectional associations with hyper-
tension and/or diabetes.

2.1 | Data collection and variables

Trained examiners conducted the 2 in-home visits. At each visit, 2
blood pressure measurements were obtained using a standard aneroid
sphygmomanometer following specific procedures [25]. Quality
monitoring was performed by the examination of digit preference and
retraining personnel, when necessary [23]. Height, weight, and waist
circumference were measured using specific methods. In-home ex-
aminers also performed phlebotomy and collected blood samples in
serum separator tubes, EDTA plasma tubes, and sample collection/
anticoagulant tubes (SCAT-1; Haematologic Technologies). Centrifu-
gation was performed within 2 hours, and serum and plasma were
separated. Mailer tubes were placed on frozen gel ice and shipped
overnight to the University of Vermont Laboratory for Clinical
Biochemistry Research. These were recentrifuged at 4°C for 30,000 x

g-minutes and analyzed or stored at —80°C [26].

2.2 | Outcome of interest

The main outcome was incident hypertension between the 2 assess-
ments, where hypertension was defined, at both visits, using the
Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure guide-
lines (systolic blood pressure of >140 mm Hg, diastolic blood pressure
of >90 mm Hg) or self-reported use of antihypertensive medications
[1]. Sensitivity analyses used the American Heart Association (AHA)
and the American College of Cardiology (ACC) 2017 definition of
hypertension (systolic blood pressure of >130 mm Hg, diastolic blood
pressure of >80 mm Hg, or self-reported use of antihypertensive
medications) [27].

2.3 | Covariates

Demographic confounding variables at baseline included self-reported
age, sex, race, education, and income. Income levels were grouped into
<$20,000, >$20,000 and <$35,000, >$35,000 and <$75,000, and

>$75,000. Nonreported income was classified in a separate category.
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Lifestyle factors included smoking status (current, past, or never) [28]
and physical activity (defined as activity sufficient to sweat 4 or more
times per week, 1-3 times per week, or none) [29]. Adiposity variables
were body mass index (BMI; weight [kg] divided by height squared
[m?]) and waist circumference.

Clinical factors included diabetes, baseline systolic blood pressure,
and total cholesterol. Diabetes was defined as fasting plasma glucose
of >126 mg/dL (or a random plasma glucose of >200 mg/dL among
those failing to fast) or use of insulin or oral diabetes medication [30].
Total cholesterol was measured in serum using the Ortho Vitros
Clinical Chemistry System 950IRC instrument (Johnson & Johnson
Clinical Diagnostics). CRP is considered an inflammatory marker
related to hypertension [15] and was measured by high-sensitivity
particle-enhanced immunonepholometry on the BNII nephelometer
(N High Sensitivity CRP, Dade Behring Inc). Diet characteristics were
not considered in the analysis because they were not correlated with
D-dimer (data not shown) and had high missingness (23%).

2.4 | Exposure of interest
D-dimer was measured in the SCAT-1 plasma on the STAR automated

coagulation analyzer (Diagnostica Stago) using an immuno-
turbidometric assay (Liatest D-DI; Diagnostica Stago). The interassay
coefficient of variation ranged from 5% to 14%. Correlation of D-
dimer drawn using the REGARDS study processing methods with the

standard methods was excellent [26].

2.5 | Statistical analysis

After excluding participants with baseline hypertension and those
with missing D-dimer values, the analytical sample size was 1867
participants. The complete data sample, which excluded all partici-
pants with missing values on covariates of interest, comprised 1813
participants (Figure).

All analyses were weighted to account for the gender- and race-
stratified selection of participants into the sample (sampling design)
and, thus, reflect the entire REGARDS cohort [24]; baseline charac-
teristics are described by D-dimer quartiles. Because of weighting,
baseline characteristics are expressed as proportions instead of ab-
solute numbers. Poisson regression was used to calculate risk ratios
(RRs) of hypertension associated with baseline D-dimer, both contin-
uously with standardized log transformation (D-dimer was not nor-
mally distributed) and categorically across quartiles. Besides a crude
model, we examined an additional 5 adjusted models where de-
mographic, lifestyle factors, adiposity-related factors, clinical factors,
and CRP were sequentially added to the crude model.

To determine whether there were racial differences in the asso-
ciation of D-dimer and hypertension risk, interaction terms of D-dimer
and race were added to the models, with a P value for interaction of

<.10 indicating a racial difference.
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Full BioMedioR Cohort

N=4400

—’{ 149 (3.4%) missing D-dimer |
N=4251

—0{ 2384 (56.1%) prevalent hypertension |
N=1867

54 missing covariates (not exclusive):
22 (1.2%) physical activity
22 (1.2%) CRP
4(0.2%) BMI
4(0.2%) smoking
4 (0.2%) waist circumference
1(0.1%) cholesterol

N=1813

FIGURE Flow diagram shows the analytical (N = 1867) and
complete data samples (N = 1813). Exclusion criteria for the
analytical sample included missing D-dimer values and prevalent
hypertension (JNC7 guidelines). BMI: body mass index; CRP: C-
reactive protein; JNC7: Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure.

2.6 | Mediation analysis
To assess whether D-dimer reflects biology that might mediate the
association between race and hypertension, the inverse odds ratio
weighting (IOWR) approach was used [31] in the crude and adjusted
models. Mediation, here, is not intended to imply causation but to
suggest biology, which might underly the observed differences in the
population. Briefly, the IOWR assesses the natural direct and indirect
effects of mediation using the odds ratio’s invariance attribute. The
exposure (race) was regressed on the mediator (log-transformed D-
dimer) and confounding variables. The inverse of the exposure-
mediator odds given confounders were used to weight the main
regression analysis of hypertension (the outcome) on race. A coeffi-
cient was obtained from the weighted regression analysis and was
used to determine the natural direct effects of race on hypertension.
The total effects were evaluated by fitting regression models of race
on hypertension. Then, the indirect effects, which quantify the amount
of mediation, were captured by subtracting the direct effects from the
total effects. The IOWR can support multiple mediators and is
appropriate for any standard regression model. The 95% Cls were
estimated nonparametrically, using 1000 iterations of bootstrapping.
To ascertain the proportion of incident hypertension that can be
attributed to D-dimer in the fourth quartile, the attributable risk
fraction was calculated as follows:

Prevalencegievated D-dimer X (RR - 1)
1+ [PrevalenceElevaled D—dimer X (RR - 1)]

2.7 | Sensitivity analysis

Three sensitivity analyses were performed. The first utilized the AHA/
ACC 2017 definition of hypertension. In the second, mediation was
assessed by calculating percent attenuation [32] using the following

formula:

RRwilhoul D—Dimer — RRwith D—Dimer

RRwilhoul D—Dimer — 1

RR represents the risk ratio [32] of incident hypertension asso-
ciated with being Black compared with being White. The 95% Cls
percent attenuation were calculated using 1000 bootstrap iterations.
Last, we assessed the impact of inflammation on the association of D-
dimer with hypertension by adding CRP to model 1 (ie, before other
nondemographic risk factors that relate to inflammation were added).

All statistical analyses were performed using R 3.6.0. A priori o levels
of 0.05 for marginal effects and 0.10 for interaction terms were used.

3 | RESULTS

The mean (SD) follow-up time was 9.4 (1.0) years. Hypertension
incidence was 35.3% (95% Cl: 33.2%-37.6%) for the entire population,
46.3% (95% Cl: 42.6%-50.4%) in Black participants, and 31.7% (29.1%-
34.4%) in White participants. A greater percentage of Black partici-
pants (68.1%) were excluded for prevalent hypertension, compared
with White participants (44.1%).

Table 1 presents baseline characteristics by quartiles of D-dimer.
The median (IQR) of D-dimer was 0.36 (0.25-0.55) pug/mL; it was 0.42
(0.28-0.65) pg/mL in Black individuals and 0.35 (0.24-0.53) pg/mL in
White individuals. Participants who were older, women, Black, smoked
cigarettes, had less exercise, were less educated, and had lower in-
come had higher levels of D-dimer. Higher BMI and CRP levels were
also associated with higher D-dimer levels.

Table 2 shows that in the unadjusted model, there was a higher
risk of hypertension with increasing D-dimer quartile (P trend < .001).
Participants in the fourth quartile had a 47% higher risk of developing
hypertension than those in the first quartile (RR: 1.47; 95% Cl: 1.23-
1.76). Adjustment for demographic, lifestyle, and adiposity-related
variables (model 3) decreased the fourth vs first quartile risk of hy-
pertension by 14.3% (RR: 1.26; 95% Cl: 1.05-1.52). Additional
adjustment for clinical covariates and CRP did not further attenuate
the estimated RR. A similar pattern was observed when assessing the
risk of hypertension by continuous D-dimer. In the unadjusted model,
each SD higher log D-dimer was associated with a 10% higher risk of
hypertension, whereas the risk of hypertension was 4% higher per SD
higher log D-dimer in the model adjusted for demographic, lifestyle,
and adiposity-related variables. Further adjustment for clinical factors
and CRP did not reduce the risk. In the sensitivity analysis, using the
AHA/ACC 2017 definition of hypertension, there was no material
difference in the results (Supplementary Table 1). When CRP was
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TABLE 1 Baseline characteristics by D-dimer, weighted to account for sampling design (unweighted N = 1867).7

Baseline D-dimer (pg/mL)°

Covariates Quartile 1 Quartile 2 Quartile 3 Quartile 4
Mean (SD) or % 0.01-0.25 pg/mL 0.25-0.36 pg/mL 0.36-0.55 pg/mL 0.53-20.1 pg/mL
Unweighted N 455 468 477 467
Weighted N 1575 1576 1578 1581

Demographic

Age (y) 59.0 (7.0) 61.0 (7.8) 63.1 (8.7) 64.1 (8.3)
Sex (% female) 451 52.5 57.4 65.8
Black race (%) 184 228 26.9 31.2

Education (%)

Less than high school 3.5 55 5.1 6.7
High school graduate 18.1 16.0 20.1 250
Some college 27.1 24.8 28.8 24.3
College graduate and beyond 51.3 53.7 46.1 44.0

Income (%)

<$20,000 6.7 9.8 10.8 13.0

$20,000-$34,000 16.9 16.6 19.6 19.8

$35,000-$74,000 33.9 34.2 36.5 320

>$75,000 317 28.0 245 227
Not reported 10.7 11.4 8.55 12.6
Lifestyle

Physical activity (%)

>4 times/wk 37.6 337 34.4 320

1-3 times/wk 39.1 39.7 420 39.7

None 233 26.7 23.6 28.3
Smoking

Current 8.82 8.32 9.44 11.9

Former 32.9 43.7 38.3 37.6

Never 58.3 47.9 52.2 50.5

Adiposity Factors
BMI (kg/mz) 26.8 (4.6) 27.6 (5.2) 27.6 (5.1) 28.6 (5.8)
Waist circumference (cm) 89.8 (13.4) 91.7 (19.2) 91.2 (14.3) 93.0 (14.8)

Clinical Factors

Diabetes (%) 8.3 115 8.4 8.3

Systolic blood pressure (mm Hg) 117 (11) 118 (11) 119 (11) 120 (11)
Total cholesterol (mg/dL) 196 (36) 196 (36) 199 (39) 196 (37)
CRP (mg/L) 2.0 (2.8) 3.1 (54) 3.3 (5.9) 4.8(8.6)

BMI, body mass index; CRP, C-reactive protein.

2The unweighted sample size reflects the number of BioMedioR participants in the analysis, and the weighted sample size reflects the number of par-
ticipants in the entire REGARDS (REasons for Geographic And Racial Differences in Stroke) population at the risk of incident hypertension.

PThe weighted median (IQR) D-dimer for the entire sample was 0.36 (0.25-0.55) pg/mL. The weighted median (IQR) D-dimer for Black participants was
0.42 (0.28-0.65) pg/mL. The weighted median (IQR) D-dimer for White participants was 0.35 (0.24-0.53) pg/mL.
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TABLE 2 Association of D-dimer with hypertension risk, overall and by race group.

Risk ratios of incident hypertension (95% CI)?

Per SD In D-dimer Q1 Q2 Q3 Q4 P value for linear P value
0.72 log 0.01-0.25 0.25-0.36 0.36-0.55 0.55-20.1 trend across for race*
pg/mL pg/mL pg/mL pg/mL pg/mL quartiles of D-dimer
D-dimer

All
680 cases/1867

participants (36.4%)
Model O 1.10 (1.04, 1.17) 1.0 1.17 (0.96, 1.42) 1.15 (0.94, 1.39) 1.47 (1.23, 1.76) <.001 NA
Model 1 1.06 (1.00, 1.13) 10 1.14 (0.94, 1.38) 1.08 (0.89, 1.32) 1.36 (1.13, 1.63) .004 .6
Model 2 1.06 (1.00, 1.13) 1.0 1.16 (0.95, 1.41) 1.10 (0.90, 1.34) 1.36 (1.13, 1.64) .004 5
Model 3 1.04 (0.98, 1.11) 1.0 1.12 (0.92, 1.36) 1.06 (0.87, 1.29) 1.26 (1.05, 1.52) .03 .6
Model 4 1.02 (0.96, 1.09) 1.0 1.09 (0.91, 1.32) 1.05(0.87,1.27) 1.21(1.01, 1.46) .07 7
Model 5 1.03 (0.97, 1.10) 1.0 1.08 (0.90, 1.31) 1.05(0.87, 1.27) 1.22 (1.02, 1.47) .06 .6
Black participants 0.81 log pg/mL
302 cases/674

participants (44.8%)
Model O 1.07 (0.99, 1.17) 1.0 1.07 (0.81, 1.42) 0.98 (0.74, 1.29) 1.32(1.03, 1.69) .07 NA
Model 1 1.04 (0.96, 1.14) 1.0 1.04 (0.79, 1.37) 0.96 (0.73, 1.27) 1.24 (0.96, 1.60) .2 NA
Model 2 1.04 (0.95, 1.14) 1.0 1.03 (0.79, 1.35) 0.94 (0.71, 1.24) 1.22 (0.94,1.59) .2 NA
Model 3 1.03 (0.94, 1.13) 1.0 0.98 (0.75, 1.29) 0.91 (0.69, 1.19) 1.16 (0.90, 1.51) 4 NA
Model 4 1.02 (0.93, 1.12) 1.0 0.96 (0.74, 1.24) 0.94 (0.72, 1.22) 1.10(0.86,1.42) .5 NA
Model 5 1.01 (0.92, 1.11) 1.0 0.94 (0.73, 1.22) 0.93(0.71, 1.21) 1.07 (0.84,1.38) .6 NA
White participants 0.69 log pg/mL
378 cases/1193

participants (31.7%)
Model O 1.09 (1.00, 1.17) 1.0 1.17 (0.92, 1.50) 1.17 (0.91, 1.50) 1.42(1.13, 1.80) .005 NA
Model 1 1.08 (0.99, 1.17) 1.0 1.19 (0.93, 1.52) 1.15(0.89, 1.47) 1.40 (1.10, 1.78) .01 NA
Model 2 1.07 (0.99, 1.17) 1.0 1.22 (0.95, 1.56) 1.18 (0.91, 1.52) 1.41 (1.10, 1.80) .01 NA
Model 3 1.04 (0.96, 1.14) 10 1.19 (0.93, 1.52) 1.14 (0.88, 1.46) 1.29 (1.01, 1.64) .07 NA
Model 4 1.03 (0.95, 1.12) 1.0 1.17 (0.92, 1.48) 1.11(0.87, 1.42) 1.26 (0.99, 1.60) .1 NA
Model 5 1.05 (0.96, 1.14) 1.0 1.16 (0.92, 1.48) 1.12 (0.87, 1.44) 1.29 (1.01, 1.64) .07 NA

Model O: unadjusted; model 1: age, sex, race, education, and income; model 2: model 1 + smoking and physical activity; model 3: model 2 + body mass
index and waist circumference; model 4: model 3 + diabetes mellitus, systolic blood pressure, and total cholesterol; model 5: model 4 + C-reactive
protein. The P value of D-dimer*gender interaction was .6 (model 5).

In, log-transformed; Q, quartile of D-dimer.

2Analyses were weighted by the sampling stratification factors.

added to model 1 (ie, before other risk factors, the fourth quartile RR
was 1.45 [1.21, 1.75]).

Although the interaction between race and D-dimer was not
significant (P values for interaction > .1 in all models), we observed a
small difference in the RR estimates by race (Table 2). In the unad-
justed model, the risk of hypertension in the fourth quartile compared
to the first quartile was 32% higher (RR: 1.32; 95% Cl: 1.03-1.69) for
Black participants and 42% higher for White participants (RR: 1.42;
95% Cl: 1.13-1.80). Adjusting for confounders attenuated the asso-
ciation to the null in Black people and modestly in White people. In the

exploratory analysis, there was no difference in the association of

D-dimer and hypertension risk in men compared with women (P value
for interaction in model 5 = .6).

In the sensitivity analysis using the AHA/ACC 2017 hypertension
definition (Supplementary Table 1), a reverse pattern was observed
for the race by D-dimer interaction, but this was also not statistically
significant (P interaction > .3 in all models). The adjusted RR, in the
fourth quartile, in the final model was 1.07 (95% ClI: 0.84-1.36) among
White participants and 1.41 (95% Cl: 0.96-2.05) among Black partic-
ipants. Similarly, there was no difference in the association by sex.

Table 3 shows that D-dimer did not substantially mediate the

association between race and hypertension risk. For all 5 models, the
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TABLE 3 D-dimer as a mediator of the excess risk of hypertension in Black compared to White participants.*”

Total effects

(direct and indirect

Direct effects

(association absent

effects) of D-dimer)
Model O 1.46 (1.30, 1.65) 1.47 (1.30, 1.66)
Model 1 1.40 (1.24, 1.58) 1.31 (1.13, 1.51)
Model 2 1.41 (1.25, 1.60) 1.31(1.13, 1.52)
Model 3 1.32 (1.16, 1.49) 1.26 (1.08, 1.47)
Model 4 1.20 (1.07, 1.36) 1.15 (0.98, 1.35)
Model 5 1.20 (1.06, 1.36) 1.16 (0.98, 1.36)

Indirect effects

(potential mediation

of D-dimer)

1.00 (0.97, 1.03)
1.07 (0.98, 1.17)
1.08 (0.98, 1.19)
1.04 (0.95, 1.17)
1.05 (0.94, 1.20)
1.04 (0.94, 1.17)
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P value for
indirect effects

5
5

S, B Y]

Model 0: unadjusted; model 1: age, sex, race, education, and income; model 2: model 1 + smoking and physical activity; model 3: model 2 + body mass

index and waist circumference; model 4: model 3 + diabetes mellitus, systolic blood pressure, and total cholesterol; model 5: model 4 + C-reactive

protein.
2Analyses were weighted by the sampling stratification factors.

PDirect effects refer to the unmediated effects of race on hypertension. Indirect effects are the mediated effects (through D-dimer) of race on hyper-

tension, and total effects encompass both direct and indirect effects.

indirect effects were not significant (P = .5). Assessing the mediation
by calculating percent attenuation confirmed that D-dimer was a
negligible mediator of racial differences in hypertension risk
(Supplementary Table 2). Sensitivity analyses that used the AHA/ACC
2017 definition for hypertension did not change the interpretation of
the results (Supplementary Tables 3 and 4).

Using a final RR of 1.22, the proportion of incident hypertension
attributable to D-dimer in the fourth quartile was 5.2%.

4 | DISCUSSION

In this longitudinal cohort study of Black and White US adults, the risk
of incident hypertension over 9 years was 47% greater in the fourth
quartile than in the first quartile of D-dimer in an unadjusted model.
This association was less on controlling for sociodemographic and
adiposity-related risk factors but remained significant, with a 22%
higher risk of incident hypertension relative to the first quartile. This
yielded an attributable risk of 5.2%. There was no difference in the
association of D-dimer with hypertension by race, and the biology
reflected by D-dimer did not mediate the excess risk of incident hy-
pertension among Black compared with White participants.

Our findings, of some attenuation of the association of D-dimer with
hypertension by adiposity measures, are similar to other findings and
suggest that the relationship between dysregulated coagulation and
adiposity may be relevant, in part, to the pathogenesis of hypertension. Ina
case-control study nested within the Physicians’ Health Study, the risk of
hypertension in the third and fourth (>0.11 pg/mL) quartiles compared
with the first quartile of D-dimer was 52% to 81% higher. Adjusting for
BMI attenuated the relationship from 38% to 68% higher [21]. Education,
income, and waist circumference were not adjusted for, which might
explain the larger risk estimates than those observed in our study.

Elevated BMI [33,34] and waist circumference [35] are associated
with a higher risk of hypertension, and D-dimer is associated with

leptin [36], an adipokine. Leptin is a hormone primarily secreted by

white adipose tissue, and its levels are proportional to body fat. Leptin
regulates several physiological processes, including energy homeo-
stasis, neuroendocrine function, and metabolism. Leptin dysfunction
results in metabolic abnormalities, including obesity [37].

Biological pathways underlying the associations between D-dimer,
adiposity, and hypertension remain unclear. Dysfunctional adiposity
due to excessive weight gain promotes inflammation, and pro-
inflammatory responses induce endothelial dysfunction [38]. Vascular
endothelial damage contributes to a hypercoagulable state, which, in
turn, can lead to hypertension [39]. The findings in mice and rats indi-
cate that the coagulation-inflammation circuit involving thrombin gen-
eration is a key regulator of hypertension [9]. Interestingly, when we
adjusted for CRP first before adiposity measures, the risk of hyper-
tension was not attenuated (data not shown). This indicates that there
are other mechanisms that explain the relationship between D-dimer,
adiposity, and hypertension. Evidence has consistently shown that
Black people have higher D-dimer level [19,40,41] and a higher risk for
incident hypertension [42-44] than White people. Despite this, we
observed no clear difference in the association of D-dimer with hy-
pertension by race in this study. In both racial groups, adjustment for
confounders shifted risk estimates toward the null, further supporting
the argument that dysregulated clotting mechanisms leading to hy-
pertension are partly mediated by other risk factors.

Some limitations of this study require discussion. First, D-dimer
was measured at 1 time point, creating potential for misclassification
because of biovariability and measurement error. However, bio-
variability of D-dimer is quite acceptable for use in epidemiologic
research, suggesting that a single baseline D-dimer is a reasonable
reflection of a person’s true level [45]. The measurement of D-dimer
at >1 time point to obtain an average level could reduce this
misclassification; however, this is not practical in most epidemiologic
studies (especially in a study like REGARDS with 30,239 participants).
Misclassification of D-dimer could lead to bias to the null hypothesis;
thus, our reported estimates of the association may underestimate the

true association. Second, given that D-dimer can be influenced by
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many factors, longitudinal change as an exposure would be interesting
to study, but this could not be done here. Third, some demographic
and lifestyle confounders were self-reported; thus, they are subject to
recall or reporting bias. Fourth, as in all epidemiologic studies, residual
confounding is possible, and there might be unmeasured confounders
we did not consider. Fifth, even with the large initial sample size, the
higher prevalence of hypertension at baseline among Black compared
with White persons resulted in a smaller sample size of Black partic-
ipants at the risk for incident hypertension during follow-ups. This
may have reduced the power to detect the small racial differences in
the association between D-dimer and incident hypertension that was
observed. Sixth, between the baseline and follow-up visits, 22% of
participants died and 24% withdrew or opted not to participate,
raising questions about selective attrition [24]. To address this, a
previous REGARDS study on causes of racial disparities in incident
hypertension found no evidence of quantifiable selection bias due to
the differences in attrition; baseline covariates, including race and sex,
did not significantly affect study withdrawal [46]. This suggests that
the findings would be comparable between a complete case analysis
and methods that incorporate study withdrawal [24]. Seventh, we
were unable to measure some key factors related to fibrinolytic
function due to the blood sample collection method used in the
REGARDS study [26]. Future research in other cohorts could address
this. Finally, this study was limited to Black and White participants
aged >45 years; therefore, findings may not be applicable to younger
individuals and other racial groups. Notwithstanding these limitations,
the REGARDS cohort offers a large, national representative sample of
Black and White individuals with a high retention over nearly 10
years, and blood pressure along with critical confounders such as
height and weight were carefully measured using standard methods.
To our knowledge, no other prospective studies in the United States
have assessed the racial differences in the association between D-
dimer and hypertension.

To summarize, the association between D-dimer and hyperten-
sion risk was moderate. Racial differences in the association were not
seen. Thrombotic mechanisms may play a role in the pathogenesis of
hypertension partly via modifiable risk factors, namely, adiposity.
Future research should determine pathways linking D-dimer, hyper-
tension, and hypertension risk factors to uncover new targets for
hypertension prevention and treatment.
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