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Abstract

BACKGROUND—Administration of caffeine or caffeinated coffee in laboratory and ambulatory
settings results in small to moderate acute increases in blood pressure (BP). However, habitual
coffee intake has not been linked conclusively to long-term increases in basal BP, and findings are
inconsistent by sex. This study examined longitudinal relations of habitual coffee use to resting BP
and pulse pressure.

METHODS—In a sample of 2,442 participants from the Baltimore Longitudinal Study of Aging
(BLSA), coffee consumption was used to predict resting systolic and diastolic BP and pulse
pressure using longitudinal mixed-effects regression models adjusted for age, education,
antihypertensive, and antihyperlipidemic use, smoking, and body mass index (BMI). Analyses
were stratified by sex (865 women and 1,577 men), and age and BMI were examined as possible
effect modifiers.

RESULTS—In men, we identified a significant three-way interaction among coffee intake
(nonlinear), baseline age, and length of follow-up for systolic BP (SBP) and pulse pressure. A
significant interaction of coffee intake and BMI (nonlinear) was also noted for SBP in men. There
were no significant relations of coffee intake to BP or pulse pressure in women.

CONCLUSION—Greater coffee intake in men was associated with steeper age-related increases

in SBP and pulse pressure, particularly beyond 70 years of age and in overweight to obese men.

Keywords
blood pressure; caffeine; coffee; hypertension; pulse pressure

Correspondence: Shari R. Waldstein (waldstei@umbc.edu).
Supplementary material is linked to the online version of the paper at http://www.nature.com/ajh
Disclosure: The authors declared no conflict of interest.


http://www.nature.com/ajh

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giggey et al.

Page 2

Coffee intake is the primary source of dietary caffeine in men and women, accounting for 85
and 82% of their total consumption, respectively.! The average daily intake of coffee in the
United States is ~1.75 cups, with the highest 10% of coffee drinkers consuming more than
seven cups of coffee per day.2 Prior investigations have consistently indicated a relation
between caffeine intake (e.g., similar to two cups of coffee) and acute elevations in blood
pressure (BP),3 sympatho-adrenomedullary activation® and hypothalamic—pituitary—adrenal
activity,> even among habitual coffee drinkers. Pressor effects associated with caffeine
dosing are also observed in natural settings using ambulatory BP monitoring.® Increases in
peripheral vascular resistance have been implicated as the mechanism by which acute
caffeine administration leads to acute elevations in BP.”

Results of some, though not all, case—control studies have found that coffee drinkers
generally have higher levels of BP than nondrinkers® or that heavy coffee drinkers have
higher BP than moderate coffee drinkers.® Negative findings have been attributed to
tolerance that develops, with regular use, to acute BP increases observed after coffee
administration.1% Furthermore, findings relating coffee intake to long-term increases in basal
BP have been inconclusive.l! Indeed, few longitudinal investigations have examined
potential relations of regular coffee intake to hypertension risk.

Results of one investigation, conducted in men, noted that consumption of over five cups of
coffee per day at baseline increased risk of incident hypertension.12 Significant systolic and
diastolic reductions were also found in men (/7= 340) who reduced their coffee intake over a
6-year follow-up period.13 However, these effects were rendered nonsignificant after
adjusting for body mass index (BMI), smoking, alcohol use, and physical activity. One study
relating caffeine consumption to hypertension in women examined data from the Nurses’
Health prospective cohort study of 155,594 healthy women followed for 12 years.14
Although no association was found between coffee consumption and incident hypertension,
there was a significant inverted U-shaped association between caffeine consumption and
incident hypertension risk. Participants in the third quintile of caffeine consumption
exhibited a 12-13% increased risk of hypertension, compared to those in the lowest quintile.
A similar inverse U-shaped relation has also been reported for coffee consumption in a
sample of Dutch women.1®

Women exhibit different patterns of coffee intake than men® and an estrogen-induced
extended caffeine half-life.1” This suggests that associations of coffee intake to
cardiovascular outcomes should be examined separately in men and women. Furthermore,
the potential role of demographic and lifestyle variables in moderating relations between
caffeine ingestion and health is poorly understood. Coffee intake is associated with BMI;18
greater BMI may accentuate the negative health effects of coffee consumption. Furthermore,
coffee intake decreases with age,18 and age may moderate the impact of caffeine on
cardiovascular health differently in older vs. younger consumers.19 In this article, we
examined the longitudinal relations of habitual coffee intake to concomitant measures of
resting BP in men vs. women, while evaluating potential interactions with age and BMI.
Because some data suggest that coffee consumption decreases arterial compliance,2° we also
examined pulse pressure as an endpoint.
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Participants were enrolled in the Baltimore Longitudinal Study of Aging (BLSA). Founded
in 1958, the BLSA is a prospective study of community-dwelling volunteers. Volunteers
return to the National Institute on Aging in Baltimore, MD every 2-3 years to undergo
extensive physiological and psychological testing. Participant data were excluded for those
consuming excessive alcohol (>14 drinks/week), diagnosed with dementia, cerebrovascular
diseases including stroke, and renal failure across all assessment visits. After exclusions,
2,442 participants with self-reported coffee intake, smoking, BMI, and BP data were
available for analyses. A priori power analyses were conducted using G*POWER, version
3.021 based on known available sample sizes for men (7= 1,577) and women (/7= 865). In
both men and women, the analyses were powered to detect a small Cohen’s £ estimate (£ =
0.005 for men, £ =0.009 for women) at conventional levels of power (0.80) and a. (.05)
with 31 predictors. These effect size estimates were particularly conservative because they
(i) do not account for the repeat visit data and (ii) include the maximal number of predictors
before backward elimination procedures, which were used for the final presented analyses.

Because the BLSA uses continuous enrollment procedures, participants have differential
start times, numbers of visits, and follow-up times. Table 1 presents cumulative sample sizes
by number of visits. The length of follow-up ranged from 0 to 41 years. All participants
provided written informed consent, and all procedures followed institutional guidelines. The
Institutional Review Board of the University of Maryland, Baltimore County (Baltimore,
MD) also approved these data analyses.

During each BLSA visit, participants rotate through various examination procedures. Data
relevant to the present analyses were collected over the course of 2% days and included
medical history and physical examination, anthropometry, basal BP, and assessment of
health-related behaviors (e.g., coffee, cigarette use).

Blood pressure

At each study visit, BP was measured in the morning by trained nursing staff at least 90 min
after breakfast. After a 5-min rest period, a mercury sphygmomanometer with an
appropriate-sized occluding cuff was used to measure BP three times from each arm while
patients sat in an upright position. The BP values used in this study are the average of the
second and third measurements from both the right and left arms. Levels of systolic BP
(SBP) and diastolic BP (DBP) were defined by Korotkoff phases | and V, respectively. Pulse
pressure was computed as SBP — DBP.

Coffee intake

Daily coffee intake was obtained from participant responses on a history and physical
questionnaire administered at each BLSA visit. It was measured in cups of coffee (7 oz
cups) consumed daily, on average, since the last BLSA visit. Self-reported caffeine use has
been found to be significantly associated with salivary caffeine (r= 0.31) and paraxanthine
(r=0.42).22 Though significant, the low magnitudes of these values demonstrate the
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considerable degree of error involved in self-reported caffeine intake. Furthermore, other
sources of caffeine consumption were regrettably not assessed in the BLSA. However, these
measurement limitations only indicate that the present study is likely to underestimate the
effect of coffee intake on BP increases.?3

Baseline age (in years) was calculated as participant’s age at the first BLSA visit at which
data are available for all variables of interest. Length of follow-up (i.e., time since baseline)
was calculated in years each participant actively participated in the BLSA. Education was
assessed in years. BMI was computed as weight (kg)/height (meters x meters). Current
smoking status was assessed during the physical examination at each BLSA visit. A brief
questionnaire assessing the use of any type of tobacco (e.g., cigarettes, cigars, pipe tobacco)
and the daily frequency of each type was completed with the help of nursing staff. The
variable entered in the present analyses was a collapsed measure indicating whether
participants ever smoked across all visits (coded as “1”) vs. never (coded as “0”). Current
medication use was assessed based on medications participants brought to their examination.
Additionally, a review of medications active at the previous visit was conducted, and
discrepancies or changes were noted and addressed. For the present analyses,
antihypertensive and antihyperlipidemic use were coded as a single time-dependent variable,
with “1” indicating taking one or both types of these cardiovascular medications and “0”
indicating taking neither type of medication currently.

Baseline age, education, and smoking status were analyzed time-independently. All other
covariates, including length of follow-up, BMI, and medication use, were analyzed time-
dependently using concurrent values.

Data analyses

Data were analyzed using linear mixed-effects regression models (SAS PROC MIXED).
Mixed-effects regression is the most appropriate statistical method for repeated
measurements in the BLSA, due to lack of uniformity of measurement intervals both within
and across participants. The analysis accounts for these inconsistencies in measurement
intervals, remains unaffected by randomly missing data, and accounts for the correlation
among repeated measurements on the same participants.24

Longitudinal changes were estimated in these analyses by modeling rate of change for each
participant based on all data points available for that individual. The rate of change for the
entire group was first modeled, followed by individual deviation from the group rate. Time
since baseline was entered as a random effect in each model. For each sex, time-dependent
coffee intake was entered continuously into three separate models predicting either SBP,
DBP, or pulse pressure. The set of covariates (age, length of follow-up, education,
antihypertensive and antihyperlipidemic use, smoking, BMI) and coffee intake were entered
into each of the mixed-effects models. Additionally, to control for nonlinear effects of BMI
on BP, the squared term for BMI was entered into each model, as well as all two- and three-
way interactions among coffee intake and BMI. Finally, to test for potential nonlinear effects
of coffee intake, the squared term for coffee intake was entered into each model. A manual

Am J Hypertens. Author manuscript; available in PMC 2016 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giggey et al. Page 5

backward elimination procedure was then employed, in which nonsignificant interaction
terms (P> 0.05), beginning with the highest-order effects, were eliminated from each model
until a final solution was reached.2>

Age at first assessment indexed cross-sectional age differences whereas time since baseline
(i.e., years since baseline testing for each administration of the dependent measure) indexed
longitudinal age change. The analysis thus revealed whether coffee intake alone accounted
for significant variance above and beyond the set of covariates in SBP, DBP, or pulse
pressure; and whether the rate of change in coffee intake predicted rate of change in the
three hemodynamic measures over time, after adjustment for standard covariates.

Statistical analyses were conducted using SAS versions 8.02 and 9.0 (SAS, Cary, NC).
Graphing of estimates produced by individual models was conducted with Stata version 10.0
using parameter estimates of individual mixed-effects regression equations, which included
all fixed single-order effects and interactions. Significant interaction effects were presumed
to qualify single-order effects, and significant effects of quadratic coffee BMI were
presumed to qualify those that involved linear BMI.

RESULTS

Table 2 provides participant characteristics at their initial visit. Participants were 65% male,
89% white, aged 18-97 years (mean = 52.1 years, s.d. = 17.9). Seventy-seven percent of the
sample (7= 1,884) reported consuming at least one cup of caffeinated coffee daily (data not
shown in Table 2). The frequency distribution of coffee intake at first BLSA visit was as
follows: 0 cups/day = 327 men/237 women; 1-3 cups/day = 796 men/510 women; 4-6
cups/day = 355 men/98 women; >6 cups/day = 99 men/20 women. On average, participants
had a 0.75 s.d. change over time (range = 0-5.6) in their individual daily coffee intake. The
BMI distribution at first visit was: BMI <20 = 45 men/109 women; BMI 20-24.9 = 766
men/469 women; BMI 25-29.9 = 655 men/206 women; BMI =30 = 111 men/81 women.
The distribution of age was: age <60 = 998 men/553 women; age 60-69 = 236 men/137
women; age 70-79 = 249 men/121 women; age =80 = 94 men/54 women.

In men, significant interactions were observed among quadratic coffee intake, age, and time
since baseline in predicting SBP (P = 0.02) and pulse pressure (= 0.03) (Table 3). These
interactions are presented graphically in Figure 1a,b, respectively and suggest that both SBP
and pulse pressure increase with advancing age, with the rate of increase more pronounced
with increasing age. Furthermore, the models predict that beyond 70 years of age, rates of
increase in SBP and pulse pressure are affected by coffee intake, such that daily
consumption of six or more cups of coffee dramatically increases the rate of increase in SBP
and pulse pressure observed with aging. The interaction of coffee intake and the quadratic
term of BMI also predicted significantly SBP in men (presented graphically in Figure 1c).
The finding indicated that, in overweight and obese men, lower coffee consumption, as
assessed at each visit, predicts an attenuation of the BP increases associated with additional
weight gain. For example, at a BMI of 40, the model predicted a ~30 mm SBP difference
between those abstaining from coffee (SBP = 134) and those consuming nine cups of coffee
daily (SBP = 167). It should be noted that the categorical representations of coffee intake
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and BMI presented in Figure 1a—c are utilized for illustrative purposes only; both variables
were analyzed continuously. In women, there were no significant single-order or interactive
relations of coffee consumption to BP or pulse pressure.

DISCUSSION

Few epidemiological investigations have examined the relations of habitual coffee
consumption to longitudinal change in BP, and none have examined pulse pressure. Also
examined were potential differential associations as a function of sex, age, and BMI. Here,
we found that, in men, there were significant interactions of nonlinear coffee intake, age, and
length of follow-up in predicting SBP and pulse pressure such that the rate of age-related
increase in SBP and pulse pressure beyond age 70 may be increased at high levels of coffee
consumption. The interaction of coffee intake and nonlinear BMI also significantly predicted
SBP in men. The finding indicated that, in overweight and obese men, higher levels of
coffee consumption were associated with greater increases in SBP. Thus, in both older men
and men with a BMI above 25 (particularly obese men), reducing coffee consumption may
reduce observed SBP.

In one prior longitudinal investigation in men, significant SBP and DBP reductions were
found among those who reduced their coffee intake over the follow-up period.13 However,
only two time points were available for analysis among 340 participants, whereas in the
current investigation over 700 men had at least five visits, with an average follow-up of 15
years. In another prior investigation among men, BP levels were self-reported.1?

In the present study, coffee intake was not significantly associated with longitudinal changes
in any BP parameter in women. These results stand in contrast to the results of the Nurses’
Health Study!4 and the Doetinchem Cohort Study,® which both suggested an inverted U-
shaped association between caffeine or coffee consumption and incident hypertension
among women. Several issues could account for the contrasting results; both studies had
significantly larger female sample sizes (7= 155,594 and n = 3,383, respectively) than the
present study, utilized a different endpoint (dichotomous hypertension vs. continuous BP
parameters), and were comprised of much larger percentages of moderate and heavy coffee
drinkers.

The similarity of results observed for SBP and pulse pressure in men suggests that increases
in arterial stiffness should be considered a potential mechanism by which high levels of
regular coffee intake may influence BP and possibly the development of hypertension.2
However, identifying potential mechanisms by which coffee intake may ultimately impact
arterial compliance may be confounded by the complex mix of bioactive compounds
contained in coffee. Coffee contains a significant number of biologically active components,
both deleterious and beneficial. Furthermore, the length of coffee bean roasting, as well as
the method of coffee preparation (e.g., boiled vs. paper filtered coffee) can alter the ratio of
chemical compounds within coffee.2’

Of the potentially deleterious compounds in coffee, resultant actions of caffeine are the most
likely mechanism explaining observed results of the present investigation. Caffeine acts as
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an antagonist at adenosine A3 receptors that are expressed in the liver, lung, placenta, and
extensively throughout the brain?® and have been indicated as having possible
cardioprotective functions.2? Additionally, caffeine has demonstrated vasoconstrictive
effects by acting directly on vessel wall adenosine receptors.20 In contrast, antioxidant
compounds found in coffee, such as chlorogenic acid, may counteract the effects of caffeine
on BP30 or affect cardiovascular risk associated with insulin resistance,3! reducing the net
effect of caffeine on basal BPs. Therefore, the results of the present investigation, which
suggest that coffee intake may accelerate age-related decreases in arterial compliance, may
be explained by a tempering of the action of caffeine by a number of newly identified
antioxidant compounds contained in coffee. Furthermore, greater understanding of the
interplay among deleterious and beneficial cardiovascular effects of coffee may result from
examination of the pharmacological action of these compounds on blood vessel endothelial
tissue. Other potential mechanisms whereby coffee intake may increase hypertension risk
include elevation of homocysteine levels,32 and potentiation of acute BP responses during
mental stress.33

Strengths of the present investigation include the largest number of longitudinal data points
available for coffee intake and BP, examination of differential patterning of results in men
and women, examination of linear and nonlinear relations among coffee intake and
hemodynamic measures, and incorporation of an index of arterial compliance in addition to
BP.

Limitations of the present investigation include its use of a sample of convenience and the
potential lack of generalizability to non-Caucasians. From 1958 to 1978, BLSA participation
was restricted to white men. In 1979, recruitment of a similar convenience sample of women
was initiated. However, this difference in recruitment may have introduced a number of
cohort effects, including shorter follow-up times among women and the awareness of coffee
intake as a potential health threat. Popularized findings suggesting a link between coffee
intake and myocardial infarction were initially published in 1973, and the number of
published articles relating coffee intake to health numbered 27 references in 1979, 47 in
1981, 68 in 1990, and 88 in 2000. Therefore, female BLSA participants have been exposed
to significantly more information about potential health risks of coffee during their
participation in BLSA than men. In addition, the discrepancy in sample size and thus
statistical power between men (7= 1,577) and women (= 865) may indicate that
significant effect(s) in women were overlooked in the present analyses. However, results of a
priori power analyses (see Methods section) reduce the likelihood of this possibility.
Measurement of coffee intake represents another study limitation because the size of the
coffee cup was not assessed. The typical size of a cup of coffee has increased over time as
has the caffeine content of coffee served. Other sources of caffeine intake (e.g., tea, caffeine,
soda) were also not assessed. In addition, available data precluded analysis of coffee intake
as truly “current” intake (rather than as average intake between last and current visit), a
distinction that would have eased interpretation of mixed-effects analyses. Due to the way in
which antihypertensive medication use data were collected in the BLSA, we were unable to
adjust for or investigate the effects of specific types of antihypertensive medications in the
present analyses. Family history of hypertension, dietary nutrient intake, oral contraceptive
use, and time-dependent smoking status represent additional covariates that could not be
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included in the present analyses due to similar challenges, though future researchers may
consider their inclusion.

The present findings largely indicate significant relations of coffee intake to SBP and pulse
pressure in men, with the pattern of results being remarkably similar for both hemodynamic
measures. Greater coffee intake in men was associated with steeper age-related increases in
SBP and pulse pressure, particularly beyond 70 years of age and in overweight to obese
men. These findings indicate that studies of coffee intake and cardiovascular health should
routinely examine nonlinear trends. These results further suggest examination of current
recommendations regarding coffee intake in overweight and obese individuals relative to BP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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predicted pulse pressure in men by coffee intake, baseline age, time since baseline, and
covariates (age, education, smoking, cardiovascular medication use); (c) predicted systolic

blood pressure in men by coffee intake, body mass index (BMI), and covariates (age,

education, smoking, cardiovascular medication use).
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Table 1

Cumulative sample size by number of visits

Number of visits

Men (n =1,577)

Women (n = 865)

n (Percentage of sample)

n (Percentage of sample)

1 1,577 (100.0) 865 (100.0)
2 1,295 (82.1) 654 (75.6)
3 1,074 (68.1) 501 (57.9)
4 902 (57.2) 380 (43.9)
5 734 (46.5) 287 (33.2)
6 583 (37.0) 223 (25.8)
7 433 (27.5) 165 (19.1)
8 339 (21.5) 123 (14.2)
9 255 (16.2) 74 (8.6)
10 203 (12.9) 39 (4.5)
11 155 (9.8) 14 (1.6)
12 109 (6.9) 6 (0.69)
13 65 (3.9) 1(0.001)
14 44 (2.8) —

15 25 (L.6) —

16 11 (0.70) —

17 5(0.32) —

18 1(0.001) —
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Table 3

Results of mixed-effects regression models in men: significant predictors

Blood pressure parameter  Predictor B se. P
DBP Medication status -095 031 0.00
Time since baseline 203 072 0.01
BMI 3.54 1.52 0.02
Baseline age x time since baseline -0.01  0.002 <0.01
Time since baseline x BMI -0.12  0.05 0.02
Time since baseline x BMI x BMI 0.002 0.001 0.03
SBP Smoking status 163 081 0.04
Education -0.27 012 0.03
Cups coffee/day x BMI x BMI -0.01 0.01 0.04
Baseline age x time since baseline 0.01 0.003 0.01
Cups coffee/day x cups coffee/day x baseline age x Time since baseline 0.001 0.0003 0.02
Pulse pressure Medication status 1.26 0.43 <0.01
Education -0.25 0.09 <0.01
Baseline age x time since baseline 0.02 0.003 <0.01
Cups coffee/day x cups coffee/day x baseline age x time since baseline 0.001 0.0003 0.03
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Due to space limitations, only significant findings are presented. Please see Supplementary Table S1 in online for full results. Medication status:

“1” = taking antihypertensive or antihyperlipidemic medication, “0” = not taking these medications; Smoking status: “1” = ever smoked, “0”

never smoked.

BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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