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Abstract
Elevated blood pressure (BP) variability has been linked to an increased risk of adverse
cardiovascular events, but the biological factors which promote elevated BP variability are not
entirely understood. We conducted a cross-sectional study to examine whether inflammatory factors
might be associated with elevated BP variability during 24-hour ambulatory BP monitoring. Subjects
were 140 healthy, normotensive adults. Inflammatory markers included C-reactive protein (CRP)
and tumor necrosis factor-α (TNF-α). Blood pressure variability was calculated as the within-subject
standard deviation of BP values obtained during the daytime, nighttime, and 24-hour periods. In
linear regression models that were adjusted for mean BP and other factors, CRP quartiles were
positively associated with daytime systolic BP variability; for subjects in the lowest to highest CRP
quartiles, the mean within-subject standard deviations of daytime systolic BP were 9.31, 9.62, 10.55,
and 11.17, respectively (p for linear trend = .001). C-reactive protein showed similar positive
associations with nighttime and 24-hour systolic BP variability. In contrast, TNF-α was not
independently associated with systolic BP variability during any of the time periods. With respect
to diastolic BP variability, we found significant positive associations between CRP and diastolic BP
variability during all time periods, and between TNF-α and daytime diastolic BP variability. In
conclusion, there are positive associations between markers of inflammation and BP variability in
healthy, normotensive adults, suggesting that inflammation may be one of the factors that promotes
increased BP variability.
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Elevated blood pressure (BP) variability during 24-hour ambulatory BP monitoring is
associated with an increased risk of target organ damage,1,2 early atherosclerosis,3 and
cardiovascular events.3–5 The causes of increased BP variability, however, are not entirely
understood. Inflammatory factors, by promoting vasoconstriction6–10 and facilitating acute
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blood pressure increases,11 might play a role in increased BP variability. Yet data on the
association between inflammatory markers and BP variability in humans are sparse. The
present study examined whether two markers of inflammation, C-reactive protein (CRP) and
tumor necrosis factor-alpha (TNF-α), were positively associated with BP variability during 24-
hour ambulatory BP monitoring in healthy men and women.

The study design was cross-sectional. The study population was a sample of male and female
subjects drawn from the Atlanta, Georgia metropolitan area. Subjects were eligible to
participate in the study if they: (1) were 30 to 60 years of age; (2) had no history of hypertension
and were not using antihypertensive medications; (3) had no history of cardiovascular disease
(coronary disease, stroke, peripheral vascular disease) and were not using lipid lowering drugs;
(4) were free of any other major systemic illnesses (e.g. a form of cancer); (5) were non-
smokers; (6) were not pregnant. We recruited 161 subjects who met these criteria. Of these
161 subjects, 140 had complete data on all variables of interest and formed the study population
for this report. All subjects provided written informed consent, and the study protocol was
approved by the Emory University Institutional Review Board.

Data collection took place at the Emory General Clinical Research Center. Subjects arrived
during morning hours in a fasting state (since 12 a.m. the previous night). Self-reported
information on age, sex, and race (White, African American, Asian, Hispanic, or other) was
obtained by questionnaire. Additionally, a research nurse directly measured each subject’s
height and weight. From the height and weight data, body mass index (BMI) was calculated
as weight (kg)/height (m2).

The research nurse then obtained fasting blood samples from each subject via veinipuncture.
Samples were placed into EDTA tubes. The tubes underwent centrifugation and plasma was
aliquoted and stored at −80° C. From the stored plasma samples, inflammatory markers were
measured using commercially available enzyme-linked immunosorbant assay (ELISA) kits
according to the manufacturers’ instructions. C-reactive protein was measured using an ELISA
kit from ALPCO Diagnostics (309710-s) that had a lower detection limit of .12 ng/ml. Tumor
necrosis factor-α was measured using an ELISA kit from R&D Systems (HSTA00C) that had
a minimum detection limit of .12 pg/ml.

After blood samples had been obtained, the research nurse initiated a subject’s ambulatory BP
monitoring session. Ambulatory BP monitoring was conducted with a Spacelabs 90217
monitor (Spacelabs Inc., Redmond Washington.). The nurse placed an appropriately sized
blood pressure cuff on the subject’s non-dominant arm, and instructed the subject to go about
his/her normal activities during the 24-hour ambulatory BP monitoring period, but to refrain
from vigorous physical activity. The ambulatory monitor was programmed to record a subject’s
blood pressure every 30 minutes during the 24-hour period, for a maximum of 48
measurements. All subjects in this study had complete data on at least 36 (75%) of the 48
possible measurements. Blood pressure measurements that occurred after 6 AM and before 10
PM were regarded as “daytime” measurements, while measurements that occurred between 10
PM and 6 AM were designated as “nighttime” measurements. A subject’s mean systolic BP
and diastolic BP were calculated for each of these time periods. A subject’s systolic or diastolic
BP variability was calculated as the standard deviation of the subject’s BP measurements
during each time period. Other studies have also used the standard deviation to quantify a
subject’s BP variability during ambulatory BP monitoring.5

Statistical analysis proceeded according to the following 3 steps. First, we calculated
descriptive statistics for the study population. Continuous variables were described in terms of
the mean (± the standard deviation) or, when extremely skewed, in terms of the median
(interquartile range). Categorical variables were described in terms of frequencies and percents.
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Next, we ran a series of multivariable linear regression models which examined whether the
inflammatory markers were related to BP variability after adjustment for other factors. For a
given model, the independent variables of interest were CRP and TNF-α and the dependent
variable was the standard deviation of systolic or diastolic ambulatory BP for a particular time
period (daytime, nighttime, or 24-hours). Because they were highly skewed, C-reactive protein
and TNF-α were divided into quartiles and entered into models as a series of indicator variables.
This allowed us to calculate the mean (95% confidence interval) of a given BP variability
measure according to each quartile of an inflammatory marker. In order to model linear trends,
we also ran models in which C-reactive protein and TNF-α quartiles were entered as ordinal
variables. Since the inflammatory markers were entered into the models simultaneously, the
markers were adjusted for each other. Additionally, all models were adjusted for age, sex, race,
BMI, and the corresponding mean blood pressure value (e.g. if the dependent variable for a
given model was the standard deviation of daytime systolic BP, then the model adjusted for
mean daytime systolic BP). Age, mean blood pressure and BMI were entered into models as
continuous, linear variables, while race was entered as three categories (White, African
American, Other). Statistical significance was calculated by F-tests and partial r-squared values
for the inflammatory markers were obtained. Finally, we explored whether the inflammatory
markers showed any statistical interactions with age, sex, or race.

Descriptive statistics for the study population are presented in Table 1. In Table 2, the regression
models for inflammatory factors and systolic BP variability are presented. We found that C-
reactive protein quartiles showed positive and statistically significant linear trends with the
standard deviations of daytime, nighttime, and 24-hour systolic BP, independent of other
factors. In contrast, TNF-α levels were not independently associated with the standard
deviations of systolic BP. The partial r-squared values for the combined effects of the ordinal
CRP and TNF-α variables were .07, .05, and .04, for the standard deviations of daytime,
nighttime, and 24-hour systolic BP, respectively. Regression models for inflammatory factors
and diastolic BP variability are presented in Table 3. C-reactive protein quartiles showed
positive, statistically significant associations with the standard deviations of diastolic BP
during all time periods, and TNF-α quartiles showed a significant positive trend with daytime
diastolic BP variability. The partial r-squared values for the combined effects of the ordinal
CRP and TNF-α variables were .09, .05, and .04 for the standard deviations of daytime,
nighttime and 24-hour diastolic BP, respectively.

We then explored whether the inflammatory markers statistically interacted with age, sex, or
race. There was evidence of an interaction between race (White vs. African-American) and
TNF-α levels on daytime diastolic BP variability (p = .03 for interaction). We then ran separate
models in Whites and African-Americans to examine the race-specific relationship between
TNF-α and diastolic BP variability. Adjusted means from these models (Figure 1) indicated
that TNF-α levels were positively related to daytime diastolic BP variability in African
Americans but not Whites. Similar race-specific findings were observed for CRP and daytime
diastolic BP variability, but the interaction between race and CRP did not quite reach statistical
significance (p = .07). None of the other interactions tested reached statistical significance (data
not shown).

Our study found that CRP and, to a lesser extent, TNF-α, showed positive associations with
ambulatory BP variability among normotensive middle-aged adults. These associations were
observed after statistical adjustment for mean blood pressure, BMI, and other factors. The
associations we observed were of fairly modest magnitude. However, our ability to observe
associations of greater magnitude may have been limited by the fact that our healthy subjects
had relatively normal inflammatory and BP variability values that were within fairly narrow
ranges.
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Our study had a number of limitations. First, our results were based on cross-sectional,
observational data, so we were unable to prove causality. Second, we only measured
inflammatory markers and BP variability at one point in time, and it is unclear whether these
one-time measurements resulted in valid estimates of subjects’ true inflammation and BP
variability levels. Third, our study was based on a relatively small sample, so it is unclear
whether our results are generalizable to other populations. In spite of these limitations, we
believe that our study provides new scientific information, because it appears to be the first
study to report statistically significant positive associations between inflammatory factors and
BP variability during ambulatory BP monitoring of healthy adults. The finding may be
important clinically, because it may suggest that controlling inflammation could reduce BP
variability and the adverse cardiovascular consequences which follow from it.
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Figure 1.
Within-subject standard deviation of daytime ambulatory diastolic BP, according to tumor
necrosis factor-α categories and race (p for interaction between race and tumor necrosis factor-
α = .03). Results are adjusted for age, sex, body mass index, and mean daytime diastolic BP.
BP = blood pressure; TNF-alpha = tumor necrosis factor-alpha.
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Table 1
Descriptive statistics for study population (n = 140)

Variable Mean (± SD) or Median (Interquartile
Range)

n (%)

Age, years 43.4 (± 8.0)
Sex, male 46 (34.6)
Race:
 White 84 (60.0)
 African American 37 (26.4)
 Other 19 (13.6)
BMI, kg/m2 27.2 (± 5.4)
CRP, mg/L 1.2 (0.5, 2.9)
TNF-α, pg/ml 0.9 (0.7, 1.4)
Ambulatory Systolic BP, mmHg:
 Daytime 117.4 (± 10.4)
 Nighttime 105.4 (± 11.3)
 24-hour 113.5 (± 10.1)
 Daytime Within-Subject Standard Deviation 10.2 (± 2.4)
 Nighttime Within-Subject Standard Deviation 9.3 (± 3.1)
 24-Hour Within-Subject Standard Deviation 11.8 (± 2.6)
Ambulatory Diastolic BP, mmHg:
 Daytime 75.1 (± 7.0)
 Nighttime 63.9 (± 7.2)
 24-hour 71.5 (± 6.4)
 Daytime Within-Subject Standard Deviation 8.6 (± 2.1)
 Nighttime Within-Subject Standard Deviation 7.7 (± 2.6)
 24-Hour Within-Subject Standard Deviation 10.2 (± 2.1)

BMI = Body Mass Index; BP = blood pressure; CRP = C-reactive protein; TNF-α = tumor necrosis factor-alpha
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