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Abstract
Ambulatory arterial stiffness index (AASI) is a novel estimate of arterial stiffness which
independently predicts cardiovascular mortality, even in normotensive subjects. Additionally, other
markers derived from ambulatory blood pressure (BP) monitoring, including variability (BPV), pulse
pressure (PP), nocturnal dipping, and morning BP surge have all been shown to be predictive of end-
organ damage and cardiovascular disease. Exaggerated cardiovascular reactivity to
sympathoexcitatory stimuli may also predict future incidence of hypertension. The purpose of this
investigation was to test the hypothesis that AASI and other derivations of ambulatory BP, including
PP, 24-hr BPV, dipping, and morning surge, would be correlated with the pressor response to
common physiological stress maneuvers. We measured continuous HR and arterial BP during head-
up tilt, mental stress, cold pressor test, and isometric handgrip to fatigue in 67 healthy, normotensive,
non-obese individuals (43 women, 24 men, mean age ± SD: 28 ± 6 yr). Then 24-hr ambulatory BP
was obtained, and AASI was defined as 1 minus the slope of diastolic on systolic BP in individual
24-h ambulatory BP recordings. Although all measures were widely variable among subjects, there
was no relationship between AASI, PP, BPV, dipping, and morning surge with the pressor responses.
We conclude that in the absence of aging, cardiovascular, or autonomic disease, the novel stiffness
index (AASI) or other ambulatory BP indices are either poorly correlated with, or mechanistically
unrelated to the complex pressor response to common provocations of sympathoexcitation.
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INTRODUCTION
Ambulatory arterial stiffness index (AASI), a novel index which is derived from ambulatory
blood pressure (BP) recordings, has been suggested recently as an index of arterial stiffness.
AASI has been shown to strongly correlate with classic measures of arterial stiffness, such as
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central and peripheral augmentation indexes, central pulse pressure (PP), carotid-femoral pulse
wave velocity (PWV), and carotid intima-media thickness [1]. Li and colleagues also
demonstrated a close correlation between AASI and PWV in normotensive volunteers; the
correlation was stronger in women vs. men, and the correlation was significant when analyzing
adults under age 40 [1,2]. Moreover, in subjects under age 40, AASI but not PP correlated with
systolic augmentation index, suggesting AASI might be an indicator of arterial dysfunction at
a much younger age [1,2]. Finally, AASI has also been postulated to be a predictor of
cardiovascular mortality, even in normotensive subjects [3,4].

In addition to AASI, other markers derived from ambulatory blood pressure monitoring may
have diagnostic, prognostic, and therapeutic relevance. Exaggerated ambulatory BP variability
(BPV) has been proposed to be a risk factor for cardiovascular disease in hypertensives [5].
Ambulatory BPV, PP, nocturnal dipping, and morning BP surge have all been shown to be
predictive of end-organ damage and cardiovascular disease [6-8].

Growing evidence suggests that the degree of cardiovascular reactivity to laboratory stressors
may be predictive of future development of cardiovascular disease. Four of the most common
laboratory provocations of sympathoexcitatory stress target different integrative pathways:
orthostatic stress, emotional stress, cold stimuli, and the exercise pressor reflex. Normotensive
individuals who show a robust pressor response to sympathoexcitatory stimuli like mental
stress (MS) and cold pressor test (CPT) are at increased risk for developing hypertension [9].
Therefore, it seems reasonable to predict that healthy individuals with markers of increased
arterial stiffness might also generate greater pressor responses to sympathoexcitation. These
“pre-clinical” characteristics are important because socioeconomic status, job strain, and
chronic emotional stress have powerful widespread implications on cardiovascular health and
wellness in general [10].

The purpose of this study was to evaluate the relationship between AASI and the pressor
responses to common laboratory stressors in healthy normotensive young adults. A secondary
aim was to compare the BPV, PP, degree of nocturnal dipping, and morning BP surge with the
pressor responses. Though these ideas in general have been explored in humans with risk
factors for cardiovascular disease, less is known how these intermediate physiologic traits
compare in healthy individuals. We hypothesized that determinants of arterial stiffness from
24-hr ambulatory blood pressure monitoring, including AASI, ambulatory BPV, PP, nocturnal
dipping, and morning surge would be correlated with the pressor response to four common
laboratory sympathoexcitatory maneuvers.

METHODS
Subjects

A total of 67 subjects (43 females, 24 males) volunteered for this study, which was part of a
large ongoing phenotyping protocol of adrenergic receptor gene variation and BP regulation
as detailed elsewhere [11]. Institutional Review Board approval was obtained and each subject
gave informed consent prior to participation. Subjects underwent a standard health screening
to ensure they were healthy, non-obese, normotensive nonsmokers, and were not taking any
medications (except for oral contraceptives in women). All women were studied during the
early follicular phase of the menstrual cycle or in the placebo phase of oral contraceptives. All
subjects were instrumented with a brachial arterial catheter for BP measurement, and HR was
obtained by 3-lead ECG.
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Head-up tilt
Following instrumentation and a 20 min period of quiet rest on a tilt table, participants were
tilted to 60° for 5 min, then returned to level for 10 min. There were 6 participants who described
symptoms of pre-syncope (i.e., light-headedness, nausea) before 5 min elapsed, and for safety
were immediately returned to the supine position. Their data was included in the analysis. No
subject described a history of recurrent syncope. Data were averaged during the 5 min tilt and
compared to averages in the 2 min pre-tilt period. Baroreflex control of heart period was
measured with the modified Oxford technique as described elsewhere and not included in the
present analysis [11].

Stroop colored word test
Following transfer to a recumbent chair and 25 min of quiet rest, a computerized version of
the Stroop colored word test lasting 3 min was administered as described previously [12]. Data
were averaged during the 3 min stress test and compared to averages in the 2 min pre-stress
control period.

Cold pressor test
After 10 min of quiet rest, a 2 min baseline period was recorded, followed by a cold pressor
test as previously described [12]. Each subject’s dominant hand was immersed up to the wrist
in a bucket of ice water (0-4°C) for 3 min. HR and MAP were averaged over the 3 min
immersion, and then compared to the average values during the pre-stress period.

Isometric handgrip
After 25 min rest, subjects performed submaximal isometric handgrip (40% of max) as
previously described [12]. Upon fatigue, subjects rested quietly for a 2 min recovery period.
To account for individual subject differences in time to exhaustion, HR and BP data were
averaged during the final 20% of endurance time, then compared to the averages obtained from
the preceding rest period.

24-hr ambulatory BP monitoring
Following these measurements, a 24-hr ambulatory BP monitor (Spacelabs model 90207,
Spacelabs Inc., Issaquah, WA, USA) was placed as detailed previously [11]. Participants with
a daytime average BP > 135/85 mmHg were excluded from further analysis.

Data analysis
Laboratory stress data were digitized at 200 Hz, stored on computer, and analyzed off-line with
signal processing software (Windaq; Dataq Instruments, Akron, OH for HUT; PowerLab, AD
Instruments for MS, CPT, HG). From 24-hr ambulatory BP monitoring, AASI was defined as
1 minus the slope of diastolic on systolic BP in individual 24-h ambulatory BP recordings as
previously described [1,13]. Pulse pressure was defined as the average values for systolic minus
diastolic BP over the 24-hr, daytime, and nighttime periods. Ambulatory BPV and HR
variability (HRV) were calculated as the 24-hr, daytime, and nighttime standard deviation and
coefficient of variation. Nocturnal dipping was expressed as the nocturnal fall in BP calculated
as the difference between daytime and nighttime BP adjusted for the daytime BP level and
expressed in percentages. Morning surge was defined as the average SBP, and DBP in the first
2 hr of awakening minus the respective averaged values in the 2-hr prior to awakening.

Statistics
Values are expressed as mean ± standard deviation. Pre-stress values to stress response values
were compared by paired t-test. The pairwise association between the quantitative variables
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was evaluated using linear regression and Pearson’s correlation coefficient. A p-value < 0.05
was considered significant.

RESULTS
24-hour BP and heart rate

The mean age ± SD was 28.3 ± 6.4 years, and the mean BMI was 24.0 ± 2.1 kg/m2. The values
for BP and heart rate from the ambulatory measures are given in Table 1. The nocturnal fall in
SBP, DBP and MAP averaged 14 ± 6 mmHg, 15 ± 5 mmHg and 14 ± 5 mmHg, with the
corresponding dipping percentages listed in table 1. The mean HR decreased by an average of
21 ± 7% at night.

Pressor response to HUT, MS, CPT, and isometric HG
For HUT, the pre-stress SBP, DBP, and MAP averages were 124 ± 10, 70 ± 6, 89 ± 7 mmHg,
respectively. During HUT, SBP was unchanged (123 ± 12 mmHg), while the DBP was 76 ±
8 mmHg, representing an increase of 9 ± 8% (p < 0.05), and MAP was 91 ± 9 mmHg, an
increase of 3 ± 7% (p < 0.05). Pre-stress HR was 63 ± 9 bpm, which increased to 78 ± 11 bpm,
an increase of 24 ± 12% (p < 0.01).

Subsequent pre-stress BP and HR values for MS, CPT, and HG were essentially identical to
the pre-stress values from HUT. During MS, mean SBP increased to 138 ± 13 mmHg (12 ±
6%, p < 0.01), mean DBP increased to 72 ± 7 mmHg (19 ± 8%, p < 0.01), mean MAP increased
to 97 ± 9 mmHg (18 ± 7%, p < 0.01) and mean HR increased to 87 ± 12 bpm (37 ± 20%, p <
0.01). During CPT, mean SBP increased to 147 ± 13 mmHg (17 ± 9%, p < 0.01), mean DBP
increased to 80 ± 12 mmHg (26 ± 12%, p < 0.01), mean MAP increased to 105 ± 11 mmHg
(24 ± 11% (p < 0.01) and mean HR increased to 72 ± 12 bpm (14 ± 12%, p < 0.01). During
HG, mean SBP increased to 162 ± 17 mmHg (30 ± 9%, p < 0.01), mean DBP increased to 91
± 12 mmHg (47 ± 14%, p < 0.01), mean MAP increased to 119 ± 15 mmHg (44 ± 13% (p <
0.01) and mean HR increased to 96 ± 15 bpm (46 ± 21%, p < 0.01).

AASI and Pressor response to HUT, MS, CPT, and isometric HG
The AASI was widely variable among this healthy population. The mean AASI was 0.27 ±
0.16, with values ranging from -0.25 to 0.67. Interestingly, 2 individuals had an AASI less than
zero. There was no relationship between AASI and age (r = -0.212, p = 0.084) or between
AASI and BMI (r = 0). Figure 1 depicts the linear regression analyses for 24-hr AASI versus
the increase in MAP during each stressor, expressed as a percentage increase in MAP from
pre-stress baseline. The AASI versus HUT data was excluded from the figure because of the
modest rise in MAP during HUT. The AASI was not correlated to absolute values, absolute
change, or percent change of hemodynamic variables in response to HUT, MS, CPT, and HG.

AASI and 24-hr BP
As shown in Table 2, there were positive correlations when comparing AASI to 24-hr SBP,
daytime SBP, and nighttime SBP, with r-values of 0.427, 0.336 and 0.520, respectively. Similar
to associations between systolic pressure and AASI, AASI was correlated with 24-hr PP,
daytime PP, and nighttime PP with r-values of 0.578, 0.603 and 0.455, respectively. Morning
surge in DBP, daytime DBP, and 24-hr MAP variability (when expressed as both SD and CV)
demonstrated an inverse correlation with AASI. Nocturnal dipping in SBP, DBP and MAP had
inverse correlations to AASI with r-values of 0.368, 0.540 and 0.511, respectively.
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BPV and Pressor response to HUT, MS, CPT, and isometric HG
No parameter from 24h ambulatory variability indices, when expressed as either SD or CV,
nocturnal dipping in SBP, DBP, and MAP, or morning surge in SBP and DBP, had any
relationship to absolute values, absolute change, or percent change of hemodynamic variables
in response to HUT, MS, CPT, and HG.

DISCUSSION
To our knowledge, this is the first study to compare the AASI with four common laboratory
sympathoexcitatory maneuvers in healthy normotensive young adults. The major finding is
that AASI was not related to the pressor response to HUT, MS, CPT, and isometric HG.
Although AASI is not a diagnostic criterion for systolic hypertension, AASI positively
correlated with daytime, nighttime, and 24-hr average SBP in these normotensive individuals.
AASI positively correlated with pulse pressure, inversely correlated with the degree of systolic,
diastolic, and mean BP nocturnal dipping, and inversely correlated with 24-hr MAP variability
when expressed as both standard deviation and coefficient of variation. The morning surge in
DBP was also inversely related to AASI, such that individuals with little or no rise in DBP had
a higher AASI. Finally, none of the additional ambulatory BP measures correlated with the
pressor response to the sympathoexcitatory maneuvers.

Recently Li et al. found that AASI derived from 24-hr ambulatory BP monitoring showed high
correlations with several measures of arterial stiffness, including aortic PWV, central and
peripheral pulse pressure, and systolic augmentation index, and was suggested as an easily
obtainable marker of arterial stiffness [1]. In the Dublin Outcome Study, both AASI and 24-
hr PP were predictors of cardiovascular mortality [13]. Furthermore, compared with the 24-hr
PP, AASI was a strong predictor of fatal stroke, especially in normotensive subjects, whereas
the opposite was true for 24-hr PP in relation to cardiac mortality [13].

In this context, we based our hypotheses on previous studies that have linked hypertension
with cardiovascular reactivity to emotional stress [9,10], cold pressor [14-16], handgrip [17],
and orthostatic stress [18,19], although the predictability of incident hypertension using these
maneuvers is not uniform [20]. We reasoned that even in healthy normotensive individuals,
AASI would be predictive of cardiovascular reactivity. In healthy aging, Lipman and
colleagues compared common carotid artery mechanical stiffness and the pressor response to
mental stress, and found that the HR and MAP responses to mental stress were correlated with
arterial stiffness [21]. We extended this general idea to a young adult population based on
reports linking stiffness parameters to blood pressure at rest or during sympathoexcitation
[22-26]. In contrast to our hypothesis, there was no correlation between AASI and the pressor
responses to all four maneuvers in the present study. There may be multiple potential reasons
to explain this finding. For cardiovascular responsiveness to emotional stress, integrative
physiological phenomena that might account for variation include perceived stress, brain stem
regulation of autonomic and endocrine output, and peripheral vascular function including
stiffness or receptor sensitivity [27].

The lack of association between AASI and the pressor responses may also be attributed to the
controversial diagnostic utility of AASI, as other studies have criticized AASI as a predictor
of arterial stiffness [28-30]. The AASI depends not only on the total arterial compliance or its
inverse, arterial stiffness, but also on systemic vascular resistance, heart period, and pressure
[31]. This would explain why AASI was positively correlated with 24-hr average SBP in the
present study, consistent with recent findings by Dolan in normotensives and hypertensives
that showed AASI was directly related to 24-hr SBP across quintiles in which the AASI ranged
from < 0.28 to ≥ 0.55 [3]. We also found that AASI inversely correlated with nocturnal systolic,
diastolic, and mean BP reduction in normotensives, which is consistent with a study by

Liu et al. Page 5

J Hypertens. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Schillaci et al. that showed AASI is strongly dependent on the degree of nocturnal BP fall in
hypertensive patients [32]. That AASI positively correlated with 24-hr pulse pressure in our
normotensive population is consistent with the idea that AASI correlates with other indicators
of arterial stiffness, but by itself may be marker of ventriculo-arterial coupling and not a direct
measure of stiffness [31].

AASI may also depend on the collection method of ambulatory BP. A recent summation of 5
studies examining AASI in normotensive and hypertensive individuals described the range of
average AASI from 0.31 to 0.56, with the lowest AASI found in the population where every
individual had hypertension [32,33]. This apparent paradox was proposed to be a consequence
of a greater number of nighttime BP measurements, with more readings causing a lower AASI,
a greater degree of dipping, and a wider level of BP variability [33]. This may be consistent
with our findings, where the group average AASI (0.27) was lower than any previous
investigation, and 3 BP measurements were obtained per hr during the night, as recommended
by the European hypertension guidelines [34]. However, our low AASI was also likely due to
a combination of young age, no hypertension, and no risk factors of cardiovascular disease
including smoking. Future physiologic stress studies are needed to determine if AASI is
predictive of cardiovascular reactivity in disease states where pathologic arterial stiffness
would be prevalent, such as hypertension, obesity or metabolic syndrome [35,36].

We also postulated that individuals with greater degrees of ambulatory BPV, as measured by
24-hr coefficient of variation or standard deviation, nocturnal dipping, or morning BP surge,
would evoke a greater pressor response to the stress maneuvers. This idea stemmed from studies
in which exaggerated BPV in hypertensives is associated with hypertension-associated end
organ damage or a higher rate of cardiovascular events [37,38]. We were unable to demonstrate
any correlations with these ambulatory BP derivations. This is most likely due to the widely
variable and complex mechanism of the cardiovascular response to all four maneuvers in
healthy normotensives, and it challenges the notion that ambulatory BP measures might predict
cardiovascular reactivity in healthy subjects, in part consistent with a previous study showing
the absence of such a relationship in young, mildly hypertensive subjects [39].

Several limitations of this investigation deserve mention. Arterial stiffness in our young, non-
obese, predominantly female population may have been insufficient to detect a significant
relationship with AASI, and modest initial changes in arterial properties may require a larger
sample size. Moreover, PWV has been proposed as the “gold-standard” surrogate for arterial
stiffness [40]. Taken together, the negative finding in the present study should be regarded with
caution until additional investigations evaluate more direct indices of arterial properties in
additional populations.

In summary, this study suggests that neither AASI nor other stiffness parameters derived from
24-hr ABPM have correlations with the pressor response to four common sympathoexcitatory
maneuvers in lean, normotensive young adults, especially in female population. The widely
variable and complex nature of cardiovascular reactivity in healthy subjects may not be related
to markers of arterial stiffness, but implies that more focus is needed in target-organ response
mechanisms.
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Figure 1.
Regression analyses between the 24-hr ambulatory arterial stiffness index (AASI) and the mean
arterial pressure (MAP) response to mental stress (MS), cold pressor test (CPT), and isometric
handgrip (HG), expressed as a percent change from baseline MAP prior to each stress maneuver
in 67 healthy young adults. The AASI vs. HUT is not shown due to a modest rise in MAP.
There was no relationship between the AASI and the pressor responses.
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