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Abstract

Background—~Caffeine in dietary doses is a well-established pressor agent. Tolerance to this
pressor effect occurs in only about half of regular consumers in acute laboratory tests. The clinical
significance of this incomplete tolerance depends on whether the pressor effect is maintained
throughout the day with repeated intake. Therefore, we examined the ability of a standard dose of
caffeine (250 mg x 3) to maintain a blood pressure (BP) elevation during 18 hours of ambulatory
BP monitoring (ABPM) after 5 days of regular daily intake of varying background doses.

Methods—Eighty-five men and women completed a four-week double blind, crossover trial.
During each week, subjects consumed capsules totaling 0, 300, or 600 mg/day of caffeine in 3
divided doses. On day 6, they consumed capsules with either 0 or 250 mg at 9:00 am and 1:00 pm,
in the laboratory, and again at 6:00 pm during ABPM. Tolerance was defined as a reduction in the
diastolic BP response to two challenge doses given in the lab in response to increasing daily
intake. Data were analyzed using multivariate repeated measures analysis of variance.

Results—BP responses to caffeine above those found on placebo-placebo (P-P) week were
found for both tolerance groups when caffeine was consumed after a week of receiving a placebo.
However, only the low tolerance group showed increases, above those found on P-P week, after
300 mg/day in systolic/diastolic BP during the waking hours (mean + standard error of the mean =
28+1.1,P=.01/2.2+0.9, P =.02) and in systolic BP during sleep (2.3 £ 1, P =.03).

Conclusions—~Persistent elevations in BP occurring on a daily basis in some habitual caffeine
consumers may hold clinical significance.
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Caffeine is by far the most widely used, socially accepted psychoactive substance
worldwide. Among US adults, 54% drank coffee daily and 25% drank coffee occasionally in
a year 2000 survey (National Coffee Association). The popularity of caffeine stems from its
stimulant and positive mood effects.1 Caffeine's stimulatory action extends to the
cardiovascular and neuroendocrine systems.2 Blood pressure (BP) increases in the range of
5-10 mm Hg following caffeine consumption are well-documented.3~7 Caffeine exerts its
effect on BP through its blockade of vascular adenosine receptors.8:9
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Epidemiological studies document linear relationships between BP levels and risk of
cardiovascular disease (CVD). A 5-mm Hg difference in diastolic BP is associated with an
increase of 34% in the incidence of stroke and a 21% increase in the incidence of coronary
heart disease. Such relationships persist even for BP within the normal range.10 Thus,
caffeine’s pressor effect should be considered in relation to BP elevations in regular
consumers.

Concern regarding caffeine's effect on BP is dampened by the belief that tolerance occurs
with daily ingestion.11 Systematic study of tolerance to caffeine with regular consumption
suggests that tolerance may not be complete. In a prior report we examined caffeine's acute
BP effect in the laboratory to repeated morning and midday doses after different amounts of
daily intake.12 This study and others showed that daily caffeine intake produces only a
partial tolerance leaving a persistent BP response to repeated daily dosing.12714 In addition,
it has been suggested that caffeine's acute BP effect in the lab is not readily demonstrable
across the day and during a range of activities.13

The extent of tolerance formation tested by acute response to caffeine in the lab has been
published previously.12 In this paper, we examine tolerance effects on the BP response to
caffeine across the day in the ambulatory setting. Tolerance formation was tested in relation
to daily maintenance doses chosen to mimic the range of consumption commonly found in
the U.S. diet,15 ranging from none (0 mg/day) to moderate (300 mg/day) to high (600 mg/
day) levels in a within-subject, crossover design. Testing then determined the effect of these
background intake levels on 18-hour ambulatory BP. Tolerance was defined as a reduction
in the acute BP response to a fixed challenge dose (250 mg x 3/day) occurring with
increasing dietary intake (0, 300, and 600 mg/day), all referenced to BP levels during a no-
caffeine control week (0 mg/day dietary intake and a 0 mg x 3/day challenge doses).

Study Population

A total of 132 subjects ages 21-35 years were recruited from the community and enrolled in
the study. Twenty-one subjects withdrew voluntarily at various points in the protocol, 11
were found to be noncompliant and dropped, 1 was excluded due to abnormal lab values, 2
reported side effects and were excused, and 12 had missing ambulatory data on one or more
of the 4 testing weeks reducing the sample size to 85 (men = 47 and women = 38) (Table 1).
All were nonobese (body mass index [BMI] < 30) and in good health by self-report and
routine physical exam. They had BPs in the normotensive range (BPs < 135/85 mmHg) at
screening, and used no medications having cardiovascular or metabolic effects. They
regularly consumed 50-700 mg/day of caffeine by structured interview. Approximately 64%
reported consumption greater than 200 mg/day (equivalent to 2 or more cups of coffee)
based on a structured interview administered by a research nurse. Subjects were asked about
a typical week's volume and frequency of consumption of the following dietary caffeine
sources: coffee, tea, soft drinks, chocolates, and caffeine-containing medications. They were
also asked about the brewing method in the case of coffee and tea. Caffeine content per
ounce was calculated using International Food Information Council Foundation standards.16
Women were free from oral contraceptives and were not pregnant, as determined by urine
pregnancy test (One Step Pregnancy Test, Inverness Medical Ltd., Beachwood Park, North
Inverness, Scotland). Half of the volunteers were tested in Buffalo, NY, and half in
Oklahoma City, OK. All participants signed a consent form approved by the Institutional
Review Board of the University of Oklahoma Health Sciences Center and the Veterans
Affairs Medical Center in Oklahoma City and SUNY Buffalo, Buffalo, NY, and were paid
for participating.
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Study Design, Caffeine Dosing, and Compliance

The design was a four-week, placebo-controlled, double-blind, randomized crossover trial of
caffeine tolerance effects on BP responses to fixed challenge doses. Subjects were instructed
to eliminate all sources of caffeine from their diet (coffee, tea, soft drinks, and chocolates)
during the four weeks of the study. Each study week consisted of 5 maintenance days with
placebo (P) or caffeine (C) self-administration at home. Day 6 consisted of a 6-hour lab
protocol and 18 hours of ambulatory BP monitoring accompanied by placebo or caffeine
challenges. Day 7 was a crossover day, with successive caffeine doses of 100 mg, 0 mg, and
0 myg, to buffer sudden changes in intake at weekly crossovers. Weekly dose schedules are
shown in Table 2.

Home maintenance doses were supplied in bottles of identical gelatin capsules (College of
Pharmacy, University of Oklahoma, Oklahoma City, OK) containing either lactose or
lactose mixed with 100 mg or 200 mg of USP caffeine (Gallipot, St. Paul, MN). Subjects
were instructed to take a capsule at 08.00, 13.00, and 18.00 hours each day. Test-day
challenge doses were supplied in capsules containing either lactose or lactose mixed with
250 mg of caffeine administered at 09.00, 13.00, and 18.00 hours.

Compliance was assessed by capsule counts, by caffeine assay of saliva specimens collected
at home each day at 13.00 hours (Salivette®, Starstedt, Germany), and from a saliva
specimen collected each morning upon entering the lab. Subjects found to be noncompliant
by any of these criteria were dropped and replaced.

Lab Protocol

Laboratory testing took place at hospitals on the respective campuses (Oklahoma University
Health Sciences Center and SUNY Buffalo). Details of the lab protocol have been published
previously.12 There were no significant differences in the demographic characteristics and
BPs between the two population samples. Acute BP responses to caffeine intake were
reported separately.12

Ambulatory Blood Pressure Monitoring (ABPM)

The laboratory protocol ended at 14.00 hours. Before dismissal from the lab, subjects were
outfitted with a Spacelabs Model 90205 ABPM unit (Spacelabs, Redmond, WA). The
apparatus was programmed to obtain a BP measurement every 15 minutes until 22.00 hours
and every 30 minutes from 22.00 to 07.00 hours. Subjects returned the monitor in the
morning. The data were edited using standard artifact detection software provided by
Spacelabs. Acceptable records included at least two recordings per hour during daytime and
one per hour during sleep.17 Sleep was defined by diary entries indicating “bedtime” and
“morning awakening” times.

Caffeine concentrations in saliva were measured by high performance liquid
chromatography (Waters Corp., Milford, MA), following precipitation of proteins, using a
methanol and water mobile phase and ultraviolet detection.18

Statistical Analysis

The high and low tolerance groups were formed previously using a median split of the
averaged diastolic BP responses to the acute 9:00 am and 1:00 pm laboratory caffeine doses
during the C600 week, when tolerance would be expected to be at its greatest, as previously
described.12 Diastolic BP was used to define tolerance groups because caffeine exerts its
pressor effect by raising peripheral resistance,9 and diastolic BP is more reflective of
peripheral resistance than is systolic BP. The ABPM data were analyzed using multivariate,
repeated measures analyses of variance (MANOVAS) that included 4 test weeks (placebo-
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placebo [P-P], placebo-caffeine [P-C], caffeine low [C300], and caffeine high [C600]) x 2
tolerance groups (high vs low). We first tested the effect of caffeine tolerance on the
averaged afternoon and evening systolic and diastolic BPs (awake BP). The same analysis
was conducted for BP averaged during sleep. For each set of ANOVAs, we tested specific
contrasts between the P-P control week versus the P-C, C300, and C600 weeks. Significance
was set at o < .05. Preliminary analyses found no BP differences by gender or site
(Oklahoma City vs. Buffalo), thus subsequent analyses did not include these factors.

Data were analyzed using SAS (SAS System for Windows, version 8.2, SAS Institute Inc.,
Cary, NC) and SPSS (SPSS for Windows, rel. 10.1.0, SPSS Chicago, IL). Potential violation
of the sphericity assumption in univariate repeated measures ANOVA was avoided using a
multivariate solution for repeated measures factors.

The tolerance groups did not differ by age, weight, height, BMI, percent body fat, daily
caffeine consumption, or BPs at screening, as shown in Table 1 (columns 2 and 3).

During the waking period of the ABPM, MANOVAs revealed significant BP differences
across weeks (systolic BP: F1 g4 = 12.9, P <.0001, partial 5% = 0.32; diastolic BP: Fie4=
23.8, P <.0001, partial #2 = 0.47) and between tolerance groups (systolic BP: Fi1g4=84,P
=005, partial #? = 0 .09; diastolic BP: F1 g4 = 10.2, P = .002, partial #? = 0.11). There were
no significant week x tolerance group interactions (systolic BP: F1 g4 = 1.7, P = .1, partial G
= 0.06; diastolic BP: Fq g4 = 0.7, P = .6, partial 5% = 0.03). However, examination of Figures
1A and 1B shows distinct differences between tolerance groups in awake BPs. Ambulatory
BP was highest in both tolerance groups after 5 days of caffeine abstinence (P-C week). The
BP response to caffeine was reduced in both groups after daily intake on the C300 and C600
weeks. Nevertheless, the low-tolerance group maintained significant BP elevations relative
to the P-P week on the C300 week (systolic BP: 2.8 £ 1.1, t = 2.6, P = .01, diastolic BP: 2.2
+0.9,t=2.4, P =.02) as well as the PC week (systolic BP: 4.6 + 1.2, t = 3.8, P <.0001;
diastolic BP: 5.2 + .9, t = 5.6, P <.0001). In contrast, the high-tolerance group showed
significant BP elevations only on the PC week (systolic BP: 3.7 £ 0.9, t = 4.3, P <.0001;
diastolic BP: 4.4 £ 0.9, t = 5.1, P <.0001), suggesting that relatively complete caffeine
tolerance appears to have developed for these subjects. The awake BP levels on C600 week
did not reach statistical significance (systolic BP: 1.6 + 1.1, t = 1.7, P = .1, diastolic BP: 1.4
+0.8,t=1.6, P =.1) in either tolerance group.

Figure 1C and D show caffeine effects on BP during sleep in the two tolerance groups. The
sleep BPs differed across weeks (systolic BP: F1 g4 = 3.8, P = .01, partial 52 = 0.12; diastolic
BP: F1 g4 =8.7, P <.0001, partial 2 = 0.24), and the difference between tolerance groups
approached significance for diastolic BP (F1g4 = 3.4, P = .07, partial #2 = 0.04). There were
no significant week x tolerance group interactions for sleep systolic BP (F1 g4¢ = 1.24, P =.
3, partial 72 = 0.04) or diastolic BP (Fy g4 = 1.18, P = .3, partial 52 = 0.04). Sleep systolic BP
was significantly elevated above P-P week values on P-C (2.1 +0.9,t=2.1, P =.04) and
C300 (2.3 £ 1, t=2.3, P =.03) weeks in the low-tolerance group (Fig. 1C). In the high-
tolerance group, systolic (diastolic) BP during sleep was significantly elevated above P-P
week values on P-C week only (2.4 £0.9,t=2.6, P=.01/2+0.9,t=2.4,P =.02).

Discussion

The acute effects of caffeine on BP are well documented. However, it is commonly held that
tolerance develops with habitual use, thus negating concerns about long-term effects of
caffeine on cardiovascular health. However, a thorough review of the evidence from
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experimental and epidemiologic studies confirms that tolerance to caffeine’s pressor effects
is not well documented.19 Larger BP effects have been reported for caffeine administered in
the lab as compared with the ambulatory setting.2:20 Consequently, it has been suggested
that in laboratory studies, caffeine’s effects on BP are measured during peak blood
concentrations (45-90 minutes after ingestion), accounting for larger BP responses in the lab
as opposed to the ambulatory setting. In this study, we examined the BP responses to
caffeine across a 24-hour period including the lab and ambulatory settings. We have recently
demonstrated that daily caffeine consumption for 5 days reduced, but did not abolish, the
acute BP response to caffeine challenge doses in the lab.12 In this report we extend these
findings by reporting the effects of caffeine on BP in the ambulatory setting. We found that
caffeine’s pressor effect was maintained across the day into the ambulatory setting despite
daily consumption.

The largest BP response occurred to caffeine challenge doses given after 5 days of placebo
maintenance (P-C week), and these BP effects persisted across the ambulatory period. The
change in BP decreased after 5 days of both low (300 mg) and high (600 mg) caffeine
intake. However, these responses were still greater than the BP levels seen on P-P week
suggesting partial, but not complete, tolerance to the effects of caffeine on ambulatory BP.
There was also significant interindividual variability in the degree of tolerance. Half of the
subjects became completely tolerant to caffeine after consuming either 300 or 600 mg/day
for 5 days. The other half had little or no reduction in the ambulatory BP response,
particularly to the 300 mg/day dose. To the extent that these findings are generalizable in
approximately half of the population, caffeine produces similar effects every day that it is
ingested. The findings of this study support those of prior research confirming an incomplete
tolerance to caffeine's effects on BP,13:14:21 We have extended such findings by
demonstrating that such BP effects are not transient, but rather maintained throughout the
day with repeated caffeine intake.

The magnitude of BP elevations to caffeine during sleep were smaller than those during the
waking hours. However, Figures 1C and 1D show that BP responses to repeated challenge
doses of caffeine in the low tolerance group did not return to baseline levels on the C300
week, when daily caffeine intake was equivalent to three cups of coffee per day. If indeed,
caffeine's pressor effects are transient and limited to the waking hours as previously
hypothesized,13 one would have expected nighttime BP to fall to P-P week levels for all
subjects. It is of note that BP levels were sustained during sleep given that the average
elimination half life of caffeine in humans is 4 to 5 hours,22 and the last dose was
administered at 18.00 hours, approximately 4 to 6 hours before bedtime. The normal fall in
BP during sleep is a healthy phenomenon and a restorative physiologic process.23
Individuals with diminished nocturnal BP fall are at a higher risk of target organ damage and
cardiovascular complications.24:25

It is noteworthy that BP elevations above P-P week were significant when subjects
consumed 300 mg/day of caffeine which is equivalent to 2-3 cups of coffee. Consumption
of 600 mg/day (46 cups) did not produce a significant elevation in ambulatory BP.
Nevertheless, we have previously demonstrated a persistent acute BP elevation at the 600
mg dose in the laboratory setting.12 This suggests that, in the ambulatory setting, moderate
doses of caffeine are more likely to lead to only a partial tolerance than higher doses. Given
that the 300 mg dose is the level of caffeine most commonly consumed by U.S. adults,15
this confirms the persistent BP effects of caffeine in a considerable portion of regular
consumers.

Although the mechanism of tolerance development was beyond the scope of this study,
some points are worth consideration in evaluating these findings. Tolerance to caffeine may

Am J Hypertens. Author manuscript; available in PMC 2008 February 27.
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be due to an altered metabolism26 or adaptive changes in the number of adenosine
receptors.27 In the present study, differences in metabolism do not appear to be the cause for
the observed differences. The tolerance groups had similar residual morning caffeine
concentrations after overnight abstinence and comparable caffeine levels in saliva after
dosing in the lab. Adenosine receptor density or dynamics may account for the observed
differences; however, we did not evaluate such effects in the current study. However, given
that even in low tolerance individuals, a higher dose of caffeine lead to an attenuation of the
pressor effect of caffeine suggests the involvement of adenosine receptor mechanisms.
Caffeine tolerance formation should be tested after longer periods of exposure than used
here. It should be pointed out, however, that although the subjects were kept for only 5 days
at each maintenance dose, they were all regular consumers of caffeine, suggesting that this
short-term maintenance may generalize to longer periods of intake.

The pressor response to caffeine is greater in hypertensive or hypertension-prone subjects
than in normotensive subjects.28 Unmedicated hypertensive patients have greater rises in
diastolic BP to caffeine during exercise than do normotensive controls.29 Additionally, the
pressor effects of caffeine are not diminished by the administration of antihypertensive
medications.30 The present results show that BP responses to repeated caffeine intake
during the day and night are sustained in persons who are resistant to forming a complete
pharmacologic tolerance to its effects. If low-tolerance forming persons are also
hypertensive, caffeine consumption may reduce the effectiveness of hypertension control
efforts. The small BP rises seen in this study may be of clinical significance in
hypertensives. The Hypertension Detection and Follow-up Program reported that a 5-mmHg
reduction in BP was associated with a 20% reduction in 5-year mortality.31 The present
results indicate that clinicians may suggest reductions in caffeine consumption as a viable
step in hypertension control efforts. This is particularly so for those patients with
uncontrolled hypertension where pharmacological treatment and conventional lifestyle
modifications have failed to produce the desired results. Future research should directly
assess whether caffeine plays a role in BP regulation of uncontrolled hypertension and if
lowering or eliminating caffeine intake would result in lowering of BP in such patients.
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Change in Awake Diastolic BP (mmHg) by Tolerance Group

Change in Awake Systolic BP (mmHg) by Tolerance Group
6T *

—_—
n
—

2 3
1 24
0 T T 1
-1 | | | | | | | 0-— ' ' t t T T T
P-C C-C300 C-C600 P-C C-C300 C-C600 P-C  C-C300 C-C600 P-C C-C300 C-C600
High Tolerance Low Tolerance High Tolerance Low Tolerance

Change in Sleep Systolic BP (mmHg) by Tolerance Group Change in Sleep Diastolic BP (mmHg) by Tolerance Group
5T . i _

3. e
.

304

i
254
2.0 J. 3T
154
1.0

1
0.5 .|'

|

. 0 T
054

14
-1.0¢

-Ls-- | [ | | | | | | -2

P-C C-C300 C-C600 P-C C-C300 C-C600 P-C C-C300 C-C600 P-C C-C300 C-C600
High Tolerance Low Tolerance High Tolerance Low Tolerance

FIG. 1.

Systolic and diastolic BP responses to caffeine averaged during the awake period (A) and
(B) and during sleep (C) and (D) in subgroups that show high vs low tolerance to caffeine
challenge (250 mg x 3) in the laboratory as a function of 5 days of consuming 0 mg/day (P-
C), 300 mg/day (C300) or 600 mg/day (C600) of caffeine at home. For visual clarity, bars
reflect differences between PP week and each of the other 3 weeks. Pairwise contrasts of
each week against P-P week are designated as *P < .05. (BP = blood pressure; C = caffeine;
P-C = placebo-caffeine; P-P = placebo-placebo.)
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Table 1

Demographics by tolerance group

Total Group  High Tolerance Group  Low Tolerance Group

(N =85) (N=42) (N=43)
Sex (M/F) 47/38 20/22 27/16
Age (yr) 28 (0.6) 28 (0.9) 28 (0.8)
BMI (kg/m?) 23.7(0.3) 24.2 (0.4) 23.2(0.4)
Body Fat (%) 19.4 (0.7) 20.2 (1.1) 18.5 (0.98)
Caffeine intake (mg/day)® 394 (43) 353 (57) 435 (63)
Morning saliva caffeine levels on each week («mol/L)
Placebo-placebo (0 mg/day) 0.03 (0.02) 0.06 (0.04) 0 (0)
Placebo-caffeine (0 mg/day) 0.05 (0.03) 0.09 (0.06) 0.01 (0.01)
Caffeine low (300 mg/day) 0.71(0.11) 0.83 (0.20) 0.59 (0.11)
Caffeine high (600 mg/day) 2.24 (0.25) 2.37(0.38) 2.12(0.34)
Screening BP (mmHg)
Systolic 113 (1.0) 111 (1.3) 114 (1.5)
Diastolic 66 (0.7) 65 (1.0) 68 (0.9)

ANOVA = analysis of variance; BMI = body mass index; BP = blood pressure; SEM = standard error of the mean. Note: Entries show (mean +
SEM). Caffeine intake reflects usual consumption from all sources based on structured interview. Screening BP is an average of three readings over
5 min after 5 min of seated rest. High and low tolerance groups were not different in numbers of males and females (XZ =1.98, P =.16), or in any
other listed variable (ts < 1.73, ps > .09) with the exception of screening diastolic BP (P = .03). Caffeine levels from saliva specimens collected at
8:00 am on each test day after 5 days on the indicated daily maintenance dose of caffeine. The ANOVA on Tolerance Group x Week for C300 (300
mg/day) and C600 (600 mg/day) weeks showed that the indicated groups did not differ in residual caffeine levels, F1 81 = .001; P = .97.

a . . . .
Level of regular daily caffeine consumption was not related to the degree of tolerance formation.
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Placebo and caffeine doses on study weeks

Study Week  Maintenance Days Protocol Days
p-P 0mg (3 x 0 mg) 0mg (3 x 0 mg)
P-C 0mg (3 x0mg) 750 mg (3 x 250 mg)
C300-C 300 mg (3 x 100 mg) 750 mg (3 x 250 mg)
C600-C 600 mg (3% 200 mg) 750 mg (3 x 250 mg)

Table 2

Page 11

Note: P = placebo, C = caffeine, C500-500 mg/day maintenance. C600-600 mg/day maintenance. Week order was randomized across subjects. P-P

week is the control week with placebo for 5 days and placebo on the testing day. P-C provides the maximum response to caffeine (C) doses

following 5 days of C withdrawal. The C300 and C600 weeks provide moderate and high daily levels of intake to examine a decrease in response

to the C challenge doses.
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