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Blood pressure (BP) variability is associated with progression to clinical atherosclero-
sis. The evidence is inconclusive if BP variability predicts cardiovascular outcomes in
low-risk populations. The aim of this study was to analyze the association of 24-hour
BP variability with coronary artery calcium (CAC) among a group of individuals without
coronary artery disease. The Masked Hypertension Study targeted patients with bor-
derline high BP (120-149 mm Hg systolic and/or 80-95 mm Hg diastolic). Ambulatory
blood pressure monitoring (ABPM) was performed at two time-points, 8 days apart.
CAC was measured at exit visit via cardiac CT and reported as Agatston Score.
Weighted standard deviations and average real variability were calculated from ABPM.
Of the 322 participants who underwent cardiac CT, 26% (84) had CAC present, 52%
(168) were female, and 21% (64) were black. BP variability did not differ by CAC group.
In this low cardiovascular risk group, CAC was not associated with 24-hour ambula-

tory BP variability.
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1 | INTRODUCTION

Hypertension is the most prevalent and treatable cardiovascular risk
factor and is associated with an increased risk of myocardial infarc-
tion, stroke, renal failure, and death.! Traditional cardiovascular risk
factors include family history of coronary heart disease, history of
smoking, low-density lipoprotein (LDL) cholesterol, high-density lipo-
protein (HDL) cholesterol, hypertension, and diabetes.? In patients at
increased cardiovascular disease risk, increased blood pressure (BP)
variability may be a stronger predictor of cardiovascular morbidity and
mortality than mean BP values.> BP variability has been associated
with progression from subclinical to clinical atherosclerosis in addition
to development and severity of vascular and renal organ damage.*
Visit-to-visit BP variability has been associated with increased risk of

stroke and masked hypertension among those with existing cardiovas-
cular disease.>® The current evidence for BP variability as a predictor
of cardiovascular outcomes in low risk cardiovascular populations re-
mains inconclusive.”®

Blood pressure can be measured in clinic visits, at home, or via
ambulatory monitoring. Clinic measurements and home measure-
ments provide one to a few BP values at a time, and variability can
be assessed by indices between clinic visits or days of home BP mea-
surements.? In contrast, ambulatory BP monitoring (ABPM) provides
intermittent BP measurements throughout 24 hours, allowing for min-
imum and maximum difference calculations, assessment of nighttime
dipping, and daytime and nighttime BP variability.

Coronary artery calcification (CAC) reflects the presence
and extent of subclinical coronary atherosclerosis. Traditional
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cardiovascular risk factors, such as older age, diabetes, dyslipid-
emia, hypertension, male sex, and smoking are also risk factors for
coronary calcification,9 as are chronic inflammation and calcium im-
balance. An interesting subgroup of the general adult population is
patients who have CAC, but are otherwise free of cardiovascular
risk factors. Research demonstrates that this subgroup experiences
a higher incidence of coronary events compared to those who are
free of risk factors and do not have CAC.2 CAC can be reported as

10 1

Agatston score, 1 continuously, or as

t12

in ordinal score categories,
present/absen

Research has shown an association between visit-to-visit BP vari-
ability and CAC progression over 3-5 years. To our knowledge, the
relationship between 24-hour BP variability and CAC has not been
examined. If short-term BP variability is a risk factor for coronary ar-
tery disease, drug therapy that reduces variability could be of benefit.
The aim of the analyses we present in this paper was to analyze the
association of short-term (24-hour) blood pressure variability with CAC
among a group of individuals without a clinical history of coronary ar-

tery disease.

2 | METHODS

2.1 | Study setting and design

For the Masked Hypertension Study, participants were recruited mostly
from 12 primary care clinics in central North Carolina using both passive
and active recruitment methods. Flyers placed throughout participating
clinics described a study of persons who were recently told their blood
pressure was “a little high or borderline” along with additional eligibility
criteria. Clinicians were also invited to refer eligible patients. Potential
eligibility was confirmed via phone by a research assistant using most re-
cent office blood pressure (BP) measurements, and again in person with a
nurse BP measurement at the initial research appointment (visit 1).

This study sought to target patients with recent BP measurements
between 120-149 mm Hg systolic and/or 80-95 mm Hg diastolic in
office for the primary objective of classifying individuals with bor-
derline office BP who may have had one of four BP phenotypes: sus-
tained normotension, white-coat hypertension, masked hypertension,
or sustained hypertension. Thus, those with higher blood pressures,
who were more likely to have sustained hypertension, and those with
lower blood pressures, who were more likely to be normotensive, were
not eligible.

These analyses represent ancillary objectives to examine the
association between ambulatory BP variability and CAC. The lon-
gitudinal flow of subject participation spanned 2.5 weeks, with the
initial appointment (visit 1) occurring on day 1, visit 2 on day 2,
visit 3 on day 9, and visit 4 on day 10. Ambulatory blood pressure
monitors were worn between visit 1 and visit 2 (ABPM1) and be-
tween visit 3 and visit 4 (ABPM2). CAC was measured at the exit
visit via cardiac CT, which occurred between days 10 and days 17
(Figure 1).

2.2 | Eligibility criteria

Patients were eligible for the initial research visit if they were at least
30 years of age, had a clinic systolic BP of 120-149 mm Hg or diastolic
BP of 80-95 mm Hg, were able and willing to wear a BP monitor for
24-hours, able to make necessary clinic visits, and able to read and
speak English. Potential participants were excluded for pregnancy,
history of persistent atrial fibrillation or other arrhythmia, diabetes,
known heart disease, history of dementia or other mental conditions
precluding wearing of a 24-hour monitor, or currently taking antihy-
pertensive medication. Patients were excluded at the initial research
appointment if they had a systolic BP > 160 mm Hg or < 110 mm Hg,
or a diastolic BP 2 100 mm Hg or < 70 mm Hg measured in the re-
search clinic.

2.3 | Measurements

All participants underwent a clinical and laboratory evaluation at their
initial research visit. Age, race/ethnicity, smoking status, multiple re-
search clinic blood pressures, and medications were collected and
recorded. Weight and height were measured and body mass index
was calculated. Blood and urine samples were collected for laboratory

tests, including total cholesterol and HDL.

2.4 | Ambulatory blood pressure

Ambulatory BP monitors were fitted by trained research assistants
and participants were provided with standard instructions, which have
been described elsewhere.'® The Oscar 2 has undergone independent
validation for use in adults.***® To be included in analyses, a partici-
pant had to have a minimum of 14 daytime readings.13 Self-report was
used to adjust for sleep and wake times.*¢
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FIGURE 1 Subject participation spanned 2.5 weeks, with 24-hour ambulatory blood pressure monitors worn between visits 1 and 2, and
visits 3 and 4. Coronary artery calcium (CAC) was measured at the exit visit via cardiac CT, occurring within a week following visit 4
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Choice of standard deviation (SD), weighted SD (WSD), or average
real variability (ARV) for assessing ambulatory BP variability is an im-
portant consideration in studying cardiovascular risk for several reasons.
Standard deviations report the dispersion of values around the mean
and WSD incorporates duration of BP highs and lows, however, neither
considers the proximity of individual BP measurements together.17

Ambulatory 24-hour WSD was calculated by summing the
weighted daytime and nighttime BP standard deviations, weighted by
the number of BP readings in the daytime and nighttime period.

(SDdaytime * Ndaytime) + (SDnighttime * Nnighttime)

WSD =
Ndaytime + Nnighttime

SD refers to the BP standard deviation for daytime or nighttime
and N is the total number of BP readings for daytime or nighttime.
ARV is calculated by averaging the difference in absolute values

of consecutive BP readings17 and may better predict cardiovascular

k18

risk.”® Ambulatory 24-hour ARV was calculated for systolic and dia-

stolic BP using the following formula:*®

1 N-1
ARV = == KZ{ [BPy,q — BPy|

where k ranges from 1 to N-1, and N is the total number of BP readings.

Spikes and sudden drops in blood pressure can only be captured in a
variability measure such as ARV, which accounts for the order of BP mea-
surements. Figure 2 compares ambulatory systolic blood pressure (SBP)
variability measured with SD and ARV between 2 subjects. Considering
only the SD values in analyses, these 2 subjects would appear the same
with SD 14. However, the ARV values differ substantially, with subject
A displaying frequent spikes and drops throughout the 24-hour period

(ARV 16.7) and subject B displaying much less variability (ARV 5.9).

2.5 | Coronary artery calcium

CT scanning for coronary artery calcium was an optional assessment
that most participants chose to undergo. Scans were conducted using
a 64-slice MDCT dual source CT. An electrocardiogram signal from
the participant was monitored to enable synchronization with the

scanner. Scan parameters included tube voltage 120 kV, tube cur-
rent 100 mAs/rotation collimation of 64 x 0.6 mm, and rotation time
330 ms, resulting in a temporal resolution of 0.87 ms. Sequential
scanning mode was used when heart rate and scan time allowed to
minimize radiation exposure, otherwise spiral acquisitions were per-
formed. Approximate radiation exposure was 1-2 mSv for sequential
scans and 2-3 mSv for spiral acquisitions. A standard calcium-scoring
kernel (B35f) was used for reconstruction of the CT data. Images
were reconstructed with a slice thickness of 3.0 mm. Calcifications
were quantified with scoring software. All lesions with a detection
threshold of >130 HU were marked by an experienced observer and
the CAC load in each patient was computed using Agatston scoring.
All studies were read by a single cardiologist (J.L.K.) with training and
expertise in cardiac CT, blinded to patient characteristics.

Agatston scores were introduced in the 1990s and serve as a com-
mon clinical measure.° Agatston scores >100 and >400 have both
previously been used as cutoffs to define patients at high-risk of car-
diovascular events, with Agatston score = 0 defined as low risk.*%1?

Participants were categorized as CAC present (Agatston score >0)
or CAC absent (Agatston score = 0) for analyses. Some reports have
suggested that the presence of any CAC (Agatston score >0) is consid-
ered clinically significant.20

2.6 | Data analysis

To measure ambulatory BP variability, weighted standard deviations
(WSD) and average real variability (ARV) were calculated from 24-hour
ambulatory systolic and diastolic BP between visit 1 and 2 (ABPM1)
and between visit 3 and 4 (ABPM2). The number of participants with
WSD may differ from those with ARV, as some participants did not
have sufficient quality daytime or nighttime measurements to calcu-
late the weighted average of the daytime and nighttime BP variation.

Mean WSD and ARV values for systolic and diastolic ABP were
compared between those with CAC present vs those without CAC via
Student t tests. We assessed the relationship between ARV, WSD, and
Agatston score using Spearman correlations. We also assessed repro-
ducibility of ABP variability measures between two sessions by calcu-

lating the Pearson’s correlation coefficients and intraclass correlation
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TABLE 1 Participant characteristics TABLE 1 (Continued)

Calcium not Calcium Calcium not Calcium
Total present present Total present present
N 322 238 84 SBP 129 (12) 128 (11) 131 (14)
Age group (%) DBP 78 (9) 80 (9) 80 (10)
30-44y 133 (41) 123 (52) 10(12) Ambulatory blood pressure®
45-64 y 160 (50) 103 (43) 57 (68 SBP 138 (13) 138 (13) 137 (13)
265y 29 (9) 12 (5) 17 (20) DBP 81 (8) 82 (8) 80 (9)
Female 168 (52) 146 (61) 22 (2¢6) DBP, diastolic blood pressure; SBP, systolic blood pressure; BMI, body
Race (%) mass index. HDL, high density lipoprotein; WSD, weighted standard
deviations.
Whit 246 (76 173 (73 73 (87
e (76) (73) ®7) Total cholesterol, HDL cholesterol, and non-fasting glucose in mg/dL.
Black 64 (20) 56 (24) 8 (10) Clinic and ambulatory blood pressure in mm Hg.
Other 12 (4) 9 (4) 3(4) N (Column %) or Mean (SD).
. #Agatston Score; Median (IQR). “Other” race: Asian or other. Alcohol
Education level (%
ucation level (%) drinker defined as 5 or more drinks per month.
Some high school 3(1) 3(1) 0 PClinic blood pressure measured at visit 4. Ambulatory blood pressure re-
High school 18 (6) 12 (5) 6(7) ported from ambulatory data between visits 3 and 4 (ABPM 2). BP variabil-
graduate ity (ARV average real variability and WSD weighted standard deviation)
reported for ABPM 2.
Some college 66 (20) 48 (20) 18 (21)
College graduate 235 (73) 175 (74) 60 (71)
coefficients (ICC) for both systolic and diastolic blood pressure vari-
Insurance status (%) N . .
ability. Finally, we explored the independent effect of CAC on ABP
Private 236 (73) 180 (76) 56 (67) . N . . L
variability using linear regression for systolic blood pressure variability
Rl =9 202 L0 at the second time-point, adjusting for confounders (age, sex, race, ed-
Both 23(7) 16) 12 (15) ucation level, smoking status, alcohol drinking, BMI, total cholesterol,
Uninsured 23(7) 18(8) 5(6) average SBP, and average DBP). As a sensitivity analysis, we repeated
Self-reported health (%) the regression analysis using Agatston score as a continuous variable
Excellent/very 217 (67) 155 (65) 62 (74) in the association with ARV and WSD. Analyses were done using SAS
good 9.4 and figures were created using StatalC version 14.
Good 88 (27) 68 (29) 20 (24)
Fair or poor 17 (5) 15 (6) 2(2)
3 | RESULTS
Current smoker (%) 19 (6) 13 (5) 6(7)
H 0,
Alcohol drinker (%) 50 (16) 37 (16) 13 (16) 31 | Study population
Married or living 209 (65) 148 (63) 61 (73)
with partner (%) Of the 322 participants who underwent cardiac CT, 26% (84) had CAC
BMI (%) present on their scan, 52% (168) were female, and 21% (64) were black
Normal (<25 kg/ 81(25) 61 (26) 20 (24) (Table 1). Most participants in the study population were between the
m?) ages of 30 and 64 (91%), had at least some college (20%) or a college
Overweight 116 (36) 82 (35) 34 (41) degree (73%), had private insurance (73%), and described their health
(25-29 kg/m?) as “excellent” or “very good” (67%). Over half of participants reported
Obese (230 kg/ 125 (39) 95 (40) 30 (36) being married or living with their partner, 16% reported consuming
2
m°) at least 5 alcoholic drinks per month, and 6% were current smokers.
Agatston score? 0(1.9) 0(0) 31 (137) These demographic and lifestyle measures were not statistically dif-
SBP ARV® 12.3(2.7) 12.8(2.9) ferent across groups with and without CAC present.
SBP WSD" 12.7 (3.0) 13.4(3.1) Participants were near evenly distributed between body mass
DBP ARV? 9.1(2.2) 8.7(2.2) index (BMI) categories, with 25% in the normal range, 36% in the over-
DBP WSDP 9.6 (2.4) 9.5(2.4) weight range, and 39% in the obese range. Median Agatston score
Total cholesterol 200 (38) 200 (37) 202 (39) among those with CAC present was 31 (IQR: 137), with a range among
MBI dhelesiar] 57 (18) 58 (19) 52 (13) all participants of O to 5985. Mean total cholesterol was 200 mg/dL
Non-fasting glucose 88 (13) 87 (12) 91(13) (SD: 38 mg/dL) and HDL cholesterol was 57 mg/dL (SD: 18 mg/dL).

Clinic blood pressure®

(Continues)

Half of the participants had total cholesterol below 200 mg/dL (48%)
and the majority had HDL cholesterol at least 50 mg/dL or higher
(60%). Average ambulatory SBP was slightly higher than research
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clinic SBP in those with and without CAC present (138 + 13 mm Hg
vs 129 + 12 mm Hg, respectively), but diastolic BP (DBP) values were
similar. Based on traditional cardiovascular risk factors, this patient

population represents a relatively low cardiovascular risk group.

3.2 | Ambulatory blood pressure variability and CAC

Neither ambulatory systolic nor diastolic BP on average differed no-
tably between CAC groups (Table 1, Figure 3). Mean ambulatory BP
variability did not differ by CAC groups (Table 1) in either measure of
variability (WSD and ARV) or between sessions (ABPM1 vs ABPM2)

(Table 1). In the correlation analyses, neither measure of variability

TABLE 2 Correlation between ARV,
WSD, and Agatston score
SBP ARV

SBP WSD
DBP ARV

DBP WSD

SBP WSD

<0.001

correlated well with Agatston score (Table 2). However, the ARV cor-
related well with WSD for both SBP and DBP in at the 2nd time-point
(Table 2) and when comparing paired sessions for each participant
(Figure 4), where Pearson’s correlation coefficients ranged from 0.38
to 0.51. The reproducibility assessed by ICC was significant. The ARV
in DBP has the largest intraclass correlation coefficient (ICC 0.52, 95%
Cl: 0.44-0.60), while the ARV in SBP has the smallest intraclass cor-
relation coefficient (ICC 0.39, 95% Cl: 0.30-0.49; Figure 4).

Using linear regression for variability in the 2nd, we found that
there was no statistically significant association between CAC pres-
ence and BP variability, even after adjustment for age, sex, race, and

education (Model 1), as well as further adjustment for smoking, alcohol

DBP ARV DBP WSD Agatston Score
0.76 0.56 0.51 0.04
<0.001 <0.001 0.347
0.50 0.68 -0.03
<0.001 <0.001 0.538
0.79 0.00
<0.001 0.973
-0.05
0.271

ARV, average real variability; DBP, diastolic blood pressure; SBP, systolic blood pressure; WSD,
weighted standard deviation.
Pearson correlation coefficients (first row in cell), P-value (second row).
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use, BMI, total cholesterol, average SBP, or average DBP (Model 2).
When modeling the relationship with the continuous Agatston score,
we did not see appreciable change in the point estimates with ad-
justment (Crude: Beta 0.0003, Model 1: 0.0001, Model 2: 0.0001;
Table 3), but we did see a difference in the point estimates using di-
chotomized CAC (Crude: Beta 0.53, Model 1: 0.23, Model 2: 0.34;
Table 3). The model fit improved significantly using Model 2 covari-
ates, as assessed via likelihood ratio tests (P-values shown, Table 3).

4 | DISCUSSION

In these Masked Hypertension Study analyses, we utilized ABPM data
to describe the association of short-term ambulatory BP variability
with CAC, a marker of subclinical vascular disease, in a cohort at low
risk of cardiovascular events. There was no difference in ambulatory
BP variability by CAC presence when comparing mean WSD and ARV
values. Given the lack of evidence for an association in comparing the
means across CAC groups for both ARV and WSD, for both systolic

and diastolic, and for both time-points, we posit that 24-hour ambula-
tory BP variability may not be associated with coronary calcification
in a low cardiovascular risk group. We did find that ARV and WSD are
well correlated, and that the implications of our analyses did not differ
depending on the variability measure we chose. However, previous re-
search has shown different conclusions using ARV vs SD or WSD.!718

Limitations of these analyses include the small sample size of
322 participants with CAC measured and the even smaller number
with CAC present, as these were secondary analyses and study de-
sign was not based on a power calculation specific to this question.
The absence of other major risk factors for coronary artery disease
may mitigate the detrimental effects of BP variability. It is plausi-
ble that BP variability would be associated with CAC, as it may be
related to the pathophysiology of blood pressure and calcification;
however, variation over a 24-hour period compared to visit-to-visit
variability represent temporally different questions. As the parent
study of these analyses was designed to examine short-term repro-
ducibility of ABPM, these data are cross-sectional in nature, which

limits their applicability to other research questions. Also, these
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TABLE 3 Crude and adjusted association of Agatston score with 2nd time-point ambulatory systolic blood pressure variability

Systolic BP ARV

Beta 95% Cl Wald P-value* Model P-value®
Agatston score
Crude 0.0003 -0.005, 0.001 425 -
Model 1 0.0001 -0.001, 0.001 763 .04
Model 2 0.0001 -0.001, 0.001 .840 <.0001
CAC>0
Crude 0.53 0.04, 1.02 .034 -
Model 1 0.23 -0.58,1.04 576 .08
Model 2 0.34 -0.39, 1.06 .359 <.0001
Systolic BP WSD
Beta 95% Cl Wald P-value* Model P-value®
Agatston score
Crude -0.0002 -0.001, 0.001 .680 -
Model 1 -0.0006 -0.001, 0.0003 227 .04
Model 2 -0.0006 -0.001, 0.0002 .145 <.0001
CAC>0
Crude 0.69 0.13,1.25 .017 -
Model 1 0.13 -0.80, 1.08 779 19
Model 2 0.25 -0.62,1.12 .576 <.0001

Beta coefficient represents the estimated change in second time-point SBP average real variability (or weighted standard deviation) for a 1-unit change in
Agatston score (or for coronary artery calcium (CAC) > 0 vs CAC = 0), fit with linear regression. Model 1 adjusted for age (years), sex (male/female), race
(white (ref), black, other), and education (did not finish high school (ref), finished high school, college). Model 2 adjusted for covariates of Model 1 + smoker
(yes/no), alcohol drinker (yes/no), body mass index (kg/mz), total cholesterol (log, ), ambulatory SBP (mm Hg) and ambulatory DBP (mm Hg).

*Wald P-value tests whether Beta = 0.

tModel P-value represents the P-value for the likelihood ratio test, comparing the full model to the crude model. A significant model P-value indicates an

improved fit compared to the crude model.

results may be limited in their generalizability, as our sample was
made up primarily of well-educated, English-speaking participants.

Other researchers have found that BP variability does not provide
additional risk stratification or prognostic value beyond BP level for
cardiovascular risk.”®2* However, in hypertensive patients, a number
of studies found independent prognostic utility of BP variability in car-

4522 and cardiovascular and cerebrovascular

diovascular risk prediction
events.>” Conflicting findings may be due to study population differ-
ences, specifically comparing high cardiovascular risk patients to low-
to-moderate risk patients, and not due to a lack of relationship between
BP variability, cardiovascular risk, and coronary artery calcification.
Future studies could aim to include individuals with a family history of
early-onset coronary artery disease to assess if ambulatory BP variability is

associated with CAC in this subgroup as an additional way to stratify risk.

5 | CONCLUSIONS

In this sample of 322 low cardiovascular risk individuals coronary ar-
tery calcification was not associated with increased 24-hour ambula-
tory blood pressure variability.
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