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Seeking a blood pressure-independent measure
of vascular properties

Jochen Steppan1, Gautam Sikka1, Daijiro Hori1, Daniel Nyhan1, Dan E Berkowitz1,2, Allan Gottschalk1,3

and Viachaslau Barodka1,3

Pulse wave velocity (PWV) and pulse pressure (PP) are blood pressure (BP)-dependent surrogates for vascular stiffness.

Considering that there are no clinically useful markers for arterial stiffness that are BP-independent, our objective was to identify

novel indices of arterial stiffness and compare them with previously described markers. PWV and PP were measured in young

and old male Fisher rats and in young and old male spontaneously hypertensive rats (SHR) over a wide range of BPs. The BP

dependence of these and several other indices of vascular stiffness were evaluated. An index incorporating PWV and PP was also

constructed. Both PWV and PP increase in a non-linear manner with rising BP for both strains of animals (Fisher and SHRs).

Age markedly changes the relationship between PWV or PP and BP. The previously described Ambulatory Arterial Stiffness Index

(AASI) was able to differentiate between young and old vasculature, whereas the Cardio-Ankle Vascular Index (CAVI) did not

reliably differentiate between the two. The novel Arterial Stiffness Index (ASI) differentiated stiffer from more compliant

vasculature. Considering the limitations of the currently available indices of arterial stiffness, we propose a novel index of

intrinsic arterial stiffness, the ASI, which is robust over a range of BPs and allows one to distinguish between compliant and

stiff vasculature in both Fisher rats and SHRs. Further studies are necessary to validate this index in other settings.

Hypertension Research (2016) 39, 27–38; doi:10.1038/hr.2015.109; published online 22 October 2015
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INTRODUCTION

Age-associated systolic hypertension, a disproportional increase in
systolic blood pressure (BP) while maintaining a relatively normal or
even decreased diastolic BP, has consistently been linked with
increased cardiovascular morbidity and mortality.1 There is a growing
body of evidence that vascular stiffness occurs before isolated systolic
hypertension develops.2 Vascular stiffness, which is the reciprocal of
compliance, depends mainly on contributions of the stretchable elastin
and the stiffer collagen in the extracellular matrix. With aging, elastin
is broken down and replaced by collagen, making older arteries less
compliant.3,4 Moreover, vascular compliance depends on wall tension,
which is determined by the distending pressure and the geometry
(radius) of the vessel. Decreased arterial compliance with aging has
direct implications for ventricular-arterial coupling, leading to an
increase in myocardial workload, increased oxygen consumption,
cardiac hypertrophy and ischemia.5 Moreover, decreased compliance
impairs endothelial barrier function, an essential step in the develop-
ment of atherosclerosis.6 Unfortunately, direct measures of arterial
compliance often require complex devices and are not routinely
performed in the clinical setting (for example, Young’s elastic

modulus, stiffness index (β), magnetic resonance imaging or
ultrasound-derived arterial distensibility7,8). On the basis of the
stiffness index, which approximates changes in arterial pressure and
diameter ex vivo with a logarithmic transformation, the Cardio-Ankle
Vascular Index (CAVI) was established encompassing both smooth
muscle tone and matrix components.9 Another marker utilized to
assess intrinsic arterial stiffness, the Ambulatory Arterial Stiffness
Index (AASI), obtained from systolic and diastolic BP measurements
over 24h, was shown to discriminate stiff from compliant
vasculature.10–12 The AASI is defined as one minus the slope of a
linear regression of diastolic BP as a function of systolic BP10 and its
precision depends on the number of BP measurements.
In contrast, surrogate markers of arterial stiffness such as pulse wave

velocity (PWV, the speed at which a pulse wave travels along the
arterial tree) or pulse pressure (PP, the difference between systolic and
diastolic BP) can be measured non-invasively with relatively simple
devices.13 Multiple studies have demonstrated a relationship between
increases in PWV or PP and adverse cardiovascular outcomes.10,14–18

The major drawback of PWV is that it depends not only on intrinsic
arterial wall stiffness, but also on wall tension (and hence on
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wall thickness, radius, vascular smooth muscle tone and distending
BP).19 Thus, for the same patient, different values for PWV or PP will
be obtained with changes in BP, even though the intrinsic constituent
material of the arterial wall remains unchanged. To utilize PWV or PP
as an index of either 'intrinsic arterial stiffness' or 'arterial aging', it
needs to be normalized to BP.20

Given that PWV and BP are relatively easy to obtain, we evaluated
the indices of vascular stiffness derived from these parameters using a
common set of data obtained in older and younger normotensive and
hypertensive rats. We then used these data to derive the Arterial
Stiffness Index (ASI). Considering that both PP and PWV are
BP-dependent measures, we minimized this confounding effect by
evaluating the direct relationship between the PP and PWV. The ASI
was then defined as the slope of the midline between the data of a
parametric plot of PWV vs. PP as diastolic BP is increased. In this
manuscript, we describe several parameters of arterial stiffness
including PP, PWV, AASI, CAVI and ASI, their relation to BP and
their ability to distinguish compliant from stiff arteries.

MATERIALS AND METHODS
For the normotensive group of animals, the invasive BP, PWV and PP data
were obtained from a subset of animals that were part of another study in
which we demonstrated the aging-associated increases in vascular stiffness as
evidenced by changes in nitric oxide signaling, crosslinking of matrix enzymes,
collagen and elastin deposition, and tensile properties.21 For the hypertensive
animals, BP, PWV and other hemodynamic parameters were measured as
described below.

Animals
Male Fisher rats (3–6-months old (n= 8) and 19–20-months old (n= 7)) and
male spontaneously hypertensive rats (SHR, 2-months (n= 4), 3-months old
(n= 1), total of five animals in that group, and 12-months old (n= 6)) were
used in compliance with federal, state, local and National Research Council
guidelines. All the surgical procedures and experimental protocols were
approved by the Institutional Animal Care and Use Committee, which is fully
accredited by the American Association for Accreditation in Laboratory
Animal Care.

Invasive BP and PWV measurements
Animals were anesthetized with isoflurane, positioned supine on a temperature-
controlled surface (Cole-Parmer, Vernon Hills, IL, USA) with extremities
taped, and anesthesia maintained with 1.5% isoflurane (in 100% O2). Body
temperature was maintained at 37 °C and a three-electrode electrocardiogram
was recorded continuously (AD Instruments, Colorado Springs, CO, USA).
After local anesthesia (2% lidocaine), a cervical midline excision was performed
and the left carotid artery exposed. A 1.6F dual pressure catheter (Scisence,
London, ON, Canada) was inserted into the thoracic aorta with the distal tip
located just above the diaphragm and the proximal tip 2 cm proximal to the
distal tip, below the aortic arch to continuously measure BP (LabChart 6, AD
Instruments). A left jugular venous catheter was placed and a phenylephrine
infusion was titrated to a systolic BP of 200mmHg. The infusion was then
stopped allowing BP to slowly return to baseline. Calculations of both PP and
PWV were made after the infusion was discontinued (during the period when
BP returned to baseline). We excluded data with extreme values of PWV either
below 2.5m s− 1 or above 8m s− 1, which we attributed to artifact or premature
ventricular contractions.

Vascular indices
PP was calculated as the difference between the systolic and the corresponding
diastolic BP measured at the catheter tip. PWV was calculated as the ratio of
the separation distance (2 cm) to the time difference between pulse arrival
at the proximal and distal pressure measuring points (LabChart 6, AD
Instruments).21,22 Calculation of the AASI was performed as described
previously.10 In brief, multiple values of systolic and diastolic BP were obtained,

plotted against each other, and the slope of a linear regression was determined
with the AASI defined as one minus this value.10 Stiffer vasculature is
characterized by an AASI approaching 1, with more compliant vasculature
characterized by lower values. The CAVI was calculated as described
previously.23,24 Briefly, CAVI is calculated using the following formula:

CAVI ¼ a
2r
PP

� �
´ ln

SBP

DBP

� �
PWV 2

� �
þ b

where SBP is systolic BP, DBP is diastolic BP, ρ is blood density, and a
and b are conversion constants. We report an adjusted value for this index:
(CAVI− b) / (2 ρ a).

Data analysis
A standard quadratic regression was used to characterize the properties of
individual animals. A mixed model regression was used to characterize the
entire set of data with random intercepts for each animal. With the exception of
the data determining the AASI, which is characterized by the slope of a liner
regression, all other data were fit to quadratic equations using the age of the
animal (young or old) as a factor. Independent variables also included the
pressure, the square of pressure and interactions between both of these and
whether the animal was young or old. In the event that the coefficient for any of
these independent variables was not significant at the P= 0.05 level, the
regression was repeated without this independent variable. Any instances of this
are noted in the legend accompanying the relevant figure. Use of random effects
for other than the intercept was generally not revealing. Therefore, only
random intercepts for each animal are used throughout. Confidence intervals
(95% CI) were created from the estimates of the standard error of the
regression curves. Equations from regression of PWV and PP as a function of
diastolic pressure were used to generate a parametric plot indicating the
relationship between PWV and PP as diastolic pressure increases. Data
manipulation, figure preparation and statistical inference were facilitated by
the use of Mathematica 8.0 (Wolfram Research, Champaign, IL, USA) and
Stata 12.1 (StataCorp, College Station, TX, USA). The ASI was calculated from
the slope of the midline between the data of a parametric plot of PWV vs. PP as
diastolic BP is increased. The simplified ASI was created from the relationship
between PWV and PP as a ratio of PWV/PP for any single measurement. To
compare the proposed measure of arterial stiffness against a more established
one, we used the approach suggested by Bland and Altman25 that addresses the
concern that these measures differ in scale. Regression was used to predict the
established measure from the proposed one. The next step is to determine
whether the variability in these predictions falls within an acceptable range.
Bland and Altman propose looking at the 95% prediction error bands of the
regression and accepting the new measure if this variation was clinically or
physiologically insignificant, a determination requiring problem-specific insight.
Insofar as vascular stiffness is concerned, there is little to guide this judgement.
Therefore, the mean and 95% CI of the predictions were determined for each
of the four groups of animals used in this study and differences between
younger and older animals qualified with a two-sided T-test. The ability to
distinguish younger and older animals using the predicted values was then
contrasted with the ability to do so from the original measurements.

RESULTS

Baseline data
Baseline physiological data are presented in Table 1. There was no
difference in BP (either systolic, diastolic or mean) between young and
old Fisher rats, as well as young SHRs. Old SHRs had significantly
higher BP than any of the other groups. The total phenylephrine dose
required to render the animals hypertensive was relatively low in
SHRs, likely owing to the elevated baseline BP in old SHRs and the
accentuated response to phenylephrine in young SHRs. Old Fisher rats
required a relatively high dose to achieve adequate BPs for the
experiments.
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Relationship between PWV and age
For each animal, both in the young and old group, PWV varied greatly
during the experiment, with no difference in the mean PWV between
young and old Fisher rats, both groups being normotensive
(mean PWV (95% CI): young 4.52 (4.20, 4.84) m s− 1; old
4.88 (4.53, 5.22) m s− 1 (P= 0.137); mean BP (s.d.): young
85.7 (11.0) mmHg; old 90.6 (15.6) mmHg (P= 0.487)). There was
a significant difference in PWV between young and old SHRs in old
SHRs (mean PWV (95% CI): young SHRs 5.18 (4.85, 5.50) m s− 1;
old SHRs 6.02 (5.73, 6.32) m s− 1 (Po0.001); mean BP (s.d.): young
SHRs 95.4 (36.8) mmHg; old SHRs 145 (16.8) mmHg (P= 0.025)).

Relationship between PWV and BP
PWV monotonically but nonlinearly increases with systolic, diastolic
and mean BP in both young and old normotensive Fisher rats
(Figure 1). Figure 1a shows scatter plots of PWV for a single young
(left) and old Fisher rat (right) as a function of diastolic, mean and
systolic BP, along with corresponding quadratic fits for that animal’s
data. Figure 1b shows quadratic fits of PWV as a function of diastolic
BP for each young (left) and old Fisher rat (right). Fits of PWV to
diastolic, mean and systolic BP are drawn in Figure 1c for all young
(left) and old (right) Fisher rats. The incremental increase in PWV is
more prominent at higher BPs and is especially prominent for
diastolic BP compared with systolic BP. Aging is associated with a
less curvilinear relationship. The curves for PWV as a function of
diastolic BP are distinctly different, differing in all parameters
(intercept, linear, quadratic) between young and old (Po0.001). A
direct comparison of the relationship between PWV and diastolic BP
is illustrated in the left panel of Figure 1d along with 95% CIs. See also
Table 2 for a quantitative comparison of the data. Above a diastolic BP
of 80 mmHg, PWV is slightly higher for any given BP in old Fisher
rats compared with young animals. The right panel of Figure 1d
compares all four animal groups in one graph by adding the
information obtained from SHRs (the young and old SHRs differed
significantly for all parameters of the quadratic regression (Po0.001)).

Relationship between PP and BP
PP also exhibits a non-linear monotonically increasing relationship
with BP with this rate of increase more pronounced at higher BP
(Figure 2). Figure 2a shows scatter plots of PP for a representative

young (left) and old Fisher rat (right) as a function of diastolic, mean
and systolic BP, along with corresponding quadratic fits to that
animal’s data. Figure 2b shows quadratic fits of PP as a function of
diastolic BP for each young (left) and old Fisher rat (right). Fits of PP
to diastolic, mean and systolic BP are given in Figure 2c for all young
(left) and old (right) animals. Differences between young and old
animals appear most pronounced for diastolic BP. Overall, the
relationship of PP and diastolic BP are distinct in all parameters of
the curves for young and old animals (Po0.001) with less overlap of
the respective curves than for similar data for PWV (Figure 1). The left
panel of Figure 2d depicts quadratic fits of PP as a function of diastolic
BP for all young and all old Fisher rats with corresponding 95% CIs.
The incremental increase in PP is more prominent at higher BPs, and
in young animals, while old animals show a marked flattening of the
non-linear PP BP relationship. The right panel of Figure 2d compares
all four animal groups in one graph by adding the information
obtained from SHRs (the young and old SHRs differed significantly
for the quadratic term of the quadratic fits (Po0.001)). See Table 2
for a quantitative comparison of the data.

Evaluation of the AASI and the CAVI
Our data demonstrate a very close relationship between diastolic and
systolic BP in both young and old Fisher rats. Figure 3a shows scatter
plots of diastolic BP vs. systolic BP for a representative young (left) and
old Fisher rat (right), which is the same animal used as an example in
all figures where examples are given. A summary for all Fisher rats is
given in Figure 3b. Calculating the AASI for old vs. young animals
showed that the difference between the two age groups is 15%. The
left panel in Figure 3c shows the combined data for young and old
Fisher rats, while the rat panel adds the information obtained from
SHR animals (Fisher rats: slopes differ 15%: young Fisher rats: 0.617
95% CI (0.615, 0.620); old Fisher rats: 0.715 95% CI (0.715, 0.718),
Po0.001; SHRs: slopes differ 2%, young SHRs: 0.690 (0.688, 0.691);
old SHRs: 0.703 (0.701, 0.706), Po0.001). See Table 2 for a
quantitative comparison of the data.
In contrast to PWV (Figure 1) and PP (Figure 2), the relationship

between CAVI and BP is not necessarily monotonic, though it does
vary with BP in a non-linear manner both in young and old Fisher rats
(Figure 4). Figure 4a shows scatter plots of CAVI for a single young
(left) and old Fisher rat (right) as a function of diastolic, mean and

Table 1 Baseline data and drug administration following acquisition of baseline dataa

Parameter Fisher young (n=8) Fisher old (n=7) Pb SHR young (n=5) SHR old (n=6) Pb

Baseline values
SBP (mmHg) 124.3 (15.7) 125.7 (21.5) 0.91 124.1 (45.2) 171.5 (12.7) 0.035*

MAP (mmHg) 88.5 (11.0) 87.2 (14.9) 0.85 82.5 (31.5) 123.3 (11.1) 0.015*

DBP (mmHg) 87.0 (10.9) 84.0 (14.6) 0.67 79.8 (31.6) 120.9 (11.2) 0.015*

HR (mmHg) 320.1 (21.9) 272.9 (35.1) 0.007* 353.7 (58.6) 356.2 (46.7) 0.94

PP (mmHg) 37.4 (5.3) 41.3 (7.4) 0.25 44.2 (15.1) 50.6 (4.1) 0.35

PWV (m s−1) 3.69 (0.28) 4.12 (0.79) 0.17 4.12 (0.06) 5.87 (0.85) 0.004*

DBP (mmHg) at
Onset of measurements 135.6 (2.2) 140.3 (3.9) 0.57 148.5 (19.1) 147.3 (6.61) 0.89

Middle of measurement 115.0 (5.2) 104.8 (13.9) 0.07 113.2 (26.6) 121.0 (12.1) 0.54

Last measurement 77.2 (7.2) 68.3 (17.2) 0.20 61.5 (9.5) 95.2 (19.4) o0.0001*

Total phenylephrine dose (mcg) 14.7 (3.7) 38.2 (25.5) 0.022* 9.2 (3.2) 7.6 (4.5) 0.52

Abbreviations: DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; SHR, spontaneously
hypertensive rats.
aAll values given as mean (s.d.).
bAs determined by Student’s t-test.
*Denotes significance below 0.05.
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systolic BP, along with corresponding quadratic fits. Figure 4b shows
quadratic fits of CAVI as a function of diastolic BP for each young
(left) and old Fisher rat (right). Fits of CAVI to diastolic, mean and
systolic BP are given in Figure 4c for all young (left) and old (right)
animals. Although the curves in old and young animals are
significantly different (Po0.001), there is considerable overlap
(Figure 4d, left). Importantly, considerable variation and BP
dependence is apparent from the significantly non-zero (Po0.001)

linear and quadratic terms of the curves illustrated. The right panel in
Figure 4d also includes the data from the SHRs and compares the
CAVI with the Fisher rats (the young and old SHRs differed
significantly for all parameters of the quadratic fits (Po0.001)).

Relationship between PWV and PP: Arterial Stiffness Index (ASI)
PWV and PP show a similar pattern of BP dependency in young and
old animals. Therefore, we evaluated the relationship between PWV and

Figure 1 Pulse wave velocity (PWV) as a function of blood pressure (BP). (a) For a single representative young (left) or old Fisher rat (right), scatter plots of
PWV as a function of diastolic, mean and systolic BP are given along with corresponding quadratic fits to that individual animal’s data. (b) Quadratic fits of
PWV as a function of diastolic BP for each young (left) and old Fisher rat (right). (c) Quadratic relationships between PWV and diastolic, mean and systolic
BP as determined from the data from all young (left) or old Fisher rats (right). (d, left) Quadratic fits of PWV as a function of diastolic BP for all young (solid
line, light gray) and old (dashed line, dark gray) Fisher rats, with 95% prediction error bands. (d, right) Quadratic fits of PWV as a function of diastolic BP for
all young (solid thin line) and old (dashed thin line) Fisher rats, as well as for all young (solid thick line) and old (dashed thick line) SHRs.
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PP directly and observed that it varies nonlinearly, but monotonically in
both young and old animals (Figure 5). It is not possible to compare the
ASI directly with the AASI because they differ in scale, though some
comparison is desirable. Therefore, as described in Methods, the ASI
measurements for each animal from all four groups were used to
predict the AASI. The mean and 95% CIs were then generated for each
of the four animal groups. For the younger and older Fischer rats, the
predicted AASI are, respectively, 0.610 (0.604, 0.616) and 0.667 (0.621,
0.712) with P= 0.024 indicating that these groups remain distinguish-
able, though the predicted values of the AASI lie outside of the CIs of

the original determinations summarized in Table 2. For the young and
old SHR animals, the predicted AASI are, respectively, 0.635 (0.587,
0.659) and 0.663 (0.647, 0.672) with P= 0.26, indicating that the
predicted AASI do not readily distinguish between the older and
younger animals. However, this is consistent with the determinations of
the ASI, which clearly separates the young and old Fisher rats, being
more similar, but distinguishable, for the SHR animals.
Figure 5a shows scatter plots of PWV for a single young (left) and

old Fisher rat (right) as a function of PP, along with corresponding
quadratic fits. Figure 5b shows quadratic fits of PWV as a function of

Figure 2 Pulse pressure (PP) as a function of blood pressure (BP). (a) For the same representative young (left) or old (right) Fisher rat as in Figure 1, scatter
plots of PP as a function of diastolic, mean and systolic BP are given along with corresponding quadratic fits to that individual animal’s data. (b) Quadratic
fits of PP as a function of diastolic BP for each young (left) and old (right) Fisher rat. (c) Quadratic relationships between PP and diastolic, mean and systolic
BP as determined from the data from all young (left) or old (right) Fisher rats. (d, left) Quadratic fits of PP as a function of diastolic pressure for all young
(solid line, light gray) and old (dashed line, dark gray) Fisher rats with 95% prediction error bands. (d, right) Quadratic fits of PP as a function of diastolic
BP for all young (solid thin line) and old (dashed thin line) Fisher rats, as well as for all young (solid thick line) and old (dashed thick line) SHRs.
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PP for each young (left) and old Fisher rat (right). Quadratic fits of
PWV as a function of PP for all young and old animals with 95%
prediction error bands are in given in Figure 5c (left) and differ in
each coefficient of the fit (Po0.001). Above the intersection point,
PWV is significantly greater for PPs in old animals compared with
young ones. The slope of the midpoint between the data of a
parametric plot of PWV vs. PP as diastolic pressure is increased
(Figure 5c, right), yields the ASI. The numerical value of the ASI is
more than twice as high for old animals vs. young animals (young
normotensive Fisher rats: 0.0352 m s− 1 mmHg− 1, 95% CI (0.0345,
0.0359), old normotensive Fisher rats: 0.0769m s− 1mmHg− 1, 95%
CI (0.0734,0.0805). Both curves intersect at PWV= 4.3 m s− 1,
PP= 51mmHg and a diastolic BP of 90mmHg. Paralleling the
results in Fisher rats, PWV and PP in SHR animals show a similar
pattern of BP and age dependency in young and old animals (Data not
shown). Figure 5d compares all four groups adding young normo-
tensive and old hypertensive SHRs, and Table 2 demonstrates a
quantitative comparison of the data. The slope of the curve at the
midpoint of the SHR data (and therefore the ASI) is virtually identical

for old hypertensive SHR and old normotensive animals, but the curve
is shifted upwards, (old hypertensive SHR 0.076m s− 1 mmHg− 1,
95% CI (0.069,0.086); young normotensive SHR: 0.095 m s− 1 mm-
Hg− 1, 95% CI (0.087, 0.103); Po0.001 in all parameters of the
quadratic fits). The fact that the slope for the young normotensive
SHRs is steeper than that for the young normotensive Fischer rates
suggests that vascular stiffness is already higher in these animals even
before they become markedly hypertensive.

Relationship of PWV/PP to BP
The relationship between the ratio of PWV and PP as a function of
diastolic, mean and systolic BP decreases non-linearly and mono-
tonically in young normotensive Fisher rats (Figures 6a and b, left
panels). In contrast, the PWV/PP in relation to BP either mono-
tonically increases or remains unchanged for most old normotensive
Fisher rats (Figures 6a and b, right panels). Figure 6a depicts scatter
plots of the ratio of PWV and PP for a single young (left) and old
Fisher rat (right) as a function of diastolic, mean and systolic BP, along
with corresponding fits to that animal’s data. Figure 6b shows the ratio

Figure 3 Ambulatory Arterial Stiffness Index (AASI). (a) For the single young (left) or old (right) Fisher rat used in Figure 1, scatter plots of diastolic blood
pressure (BP) as a function of systolic BP are given along with corresponding linear fits to that individual animal’s data. (b) Linear fits of diastolic BP as a
function of systolic BP for each young (left) and old (right) Fisher rat. (c, left) Linear fits of diastolic BP as a function of systolic BP for all young (solid line,
light gray) and old (dashed line, dark gray) animals, with 95% prediction error bands. The intercept at 0 mmHg (95% confidence interval (CI)) and slope
(95% CI) are, respectively, 1.3 (−0.4, 3.0) mmHg and 0.617 (0.615, 0.620) for the young Fisher rats, and −11.8 (−13.6, −10.1) mmHg and 0.715
(0.712, 0.718) for the old Fisher rats. (c, right) Linear fits of diastolic BP as a function of systolic BP for all young (solid thin line) and old (dashed thin
line) Fisher rats, as well as for all young (solid thick line) and old (dashed thick line) spontaneously hypertensive rats (SHRs). Although the slopes are distinct
between the young and old animals for each type of animal, these differences are barely perceptible in the figure (15% for Fisher rats and 2% for SHRs).
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of PWV and PP as a function of diastolic BP for each young (left) and
old Fisher rat (right). Figure 6c demonstrates that clear differences
between young and old normotensive Fisher rats and between young
normotensive SHR and old hypertensive SHR can be detected
(Po0.001). Similar to the ASI, young normotensive SHRs exhibit a
pattern closely resembling old normotensive Fisher rats. However, the
PWV/PP to diastolic BP profile of old hypertensive Fisher rats is

shifted upwards (Figure 6c, right). Furthermore, despite the proximity
in the right panel of Figure 6c, differences in regression parameters
between young normotensive Fisher rats and young normotensive
SHRs are present (P o0.001, in all terms), with differences between
old normotensive Fisher rats and old hypertensive SHRs being visibly
and statistically distinct (Po0.001, in all terms). See Table 2 for a
quantitative comparison of the data.

Figure 4 Cardio-Ankle Vascular Index (CAVI). (a) For the same single young (left) or old (right) Fisher rat used in Figure 1, scatter plots of adjusted CAVI as a
function of diastolic, mean and systolic blood pressure (BP) are given along with corresponding quadratic fits to that individual animal’s data. (b) Quadratic
fits of adjusted CAVI as a function of diastolic BP for each the young (left) and old (right) Fisher rat. (c) Quadratic relationships between adjusted CAVI and
diastolic, mean or systolic BP as determined from the data from all young (left) or old (right) Fisher rats. (d, left) Quadratic fits of adjusted CAVI as a
function of diastolic BP for all young (solid line, light gray) and old (dashed line, dark gray) animals, with 95% prediction error bands. (d, right) Quadratic
fits of adjusted CAVI as a function of diastolic BP for all young (solid thin line) and old (dashed thin line) Fisher rats, as well as for all young (solid thick
line) and old (dashed thick line) spontaneously hypertensive rats (SHRs).
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DISCUSSION

We have previously demonstrated that compared with young animals,
old Fisher rats display markedly elevated vascular stiffness as evidenced
by tensile testing, PWV-MAP relationship and endothelial
dysfunction.21 In these studies, we demonstrate that both PWV and
PP increase in a non-linear but monotonic manner with rising BPs,

with the increase being more pronounced for diastolic BP than for
mean or systolic BP. Aging markedly changes the relationship between
PWV or PP and BP to a less curvilinear shape. The previously
described AASI significantly distinguishes the vasculature of young and
old animals, while the CAVI is BP-dependent (Figures 3 and 4). In our
model, the novel marker for arterial stiffness (ASI) differentiates the

Figure 5 Arterial Stiffness Index (ASI). (a) Relationship between pulse wave velocity (PWV) and pulse pressure (PP) for the same single young (left) or old
(right) Fisher rat as in Figure 1, are given along with corresponding quadratic fits to that individual animal’s data. (b) Quadratic fits of PWV as a function of
PP for each young (left) and old (right) Fisher rat. (c) Quadratic fits of PWV as a function of PP for all young (solid line, light gray) and old (dashed line, dark
gray) Fisher rats (left) with 95% prediction error bands. The relationship between PWV and PP as diastolic blood pressure (BP) increases is also given in c

(right) for all young (solid) and old (dashed) Fisher rats. These curves were constructed from the relationships between PWV and diastolic BP of Figure 1, and
those between PP and diastolic BP of Figure 2. For each value of diastolic BP, the corresponding values of PWV and PP are plotted to obtain the parametric
curves as diastolic BP increases shown to the right of c. Each point corresponds to a specific value of diastolic BP. The slope of the midpoint between the
data was defined as the ASI. (d) Quadratic fits of PWV as a function of PP for all young (solid thin line) and old (dashed thin line) Fisher rats, as well as all
young (solid thick line) and old (dashed thick line) spontaneously hypertensive rats (SHRs) (left). The relationship between PWV and PP as diastolic BP
increases is also given in c (right) for all young (solid thin line) and old (dashed thin line) Fisher rats, as well as all young (solid thick line) and old (dashed
thick line) SHRs.
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vasculature of old normotensive animals from young normotensive
animals, which vary in arterial stiffness, with a markedly higher value
for old animals (Figure 5). Similarly, both normotensive and
hypertensive SHRs have a markedly increased ASI compared with
young normotensive Fisher rats.
It has been demonstrated previously that PWV changes with

BP,26,27 and those results are confirmed by our study (Figure 1).
Therefore, PWV by itself is a poor indicator in its ability to
differentiate intrinsic arterial stiffness given the high variability of
PWV and its BP dependency. The BP dependency of PWV has
spurred the search for an array of 'normal values', to predict clinical
outcomes and to use PWV as an index of intrinsic vascular
stiffness.20,28 This makes PWV more cumbersome to use in the
clinical setting, given that for an individual patient, different measure-
ments of PWV should be obtained when his/her BP changes, even
though intrinsic arterial stiffness remains unchanged. Nevertheless,
arterial stiffness and PWV are closely linked by their shared risk factors
and the associated increase in cardiovascular morbidity and mortality,
which makes PWV an independent predictor of cardiovascular events
in the general population and in patients with hypertension, diabetes,
renal insufficiency or coronary artery disease.15,29–32 It is, however, not
a specific marker for arterial stiffness.15,17,33 Moreover, PWV exhibits a

correlation with other established cardiovascular risk factors, such as
age, male gender, smoking, obesity, diabetes mellitus and BP, all of
which have been reported to be a predictor of arterial stiffness.34,35

The same is true for PP. It is easy to obtain (difference between
systolic and diastolic BP) and is predictive of cardiovascular
morbidity36,37—but it also varies greatly with BP (Figure 2). Given
that PP and PWV are both similarly BP-dependent, we investigated
the direct relationship between PWV and PP to minimize the
influence of BP and to unmask intrinsic vascular stiffness (Figure 5).
We hypothesize that relating PWV and PP directly will minimize the
effects of BP on PWV and PP. Our data demonstrate that above the
range for PP values in normotensive rats, there is a progressive
increase in PWV that is more pronounced in older and stiffer vessels
of old rats (Figure 5c, left panel). This intersection presumably
represents the starting point at which the stiffer components of the
vascular matrix (for example, collagen) predominate over elastic and
pulsatile matrix components. Therefore, the contribution of the
'passive' mechanical properties of the arterial wall tension and hence
PWV become predominant. This is most likely due to a greater
percentage of stiffer components in the vascular matrix (for example,
collagen) from old animals compared with young.38

Figure 6 The relation of pulse wave velocity (PWV)/pulse pressure (PP) to blood pressure (BP). (a) The ratio of PWV and PP as a function of diastolic, mean
and systolic BP for the same single young (left) or old (right) Fisher rat as in Figure 1, are given along with corresponding quadratic fits to that individual
animal’s data. (b) Quadratic fits of PWV/PP as a function of diastolic BP for each young (left) and old (right) normotensive Fisher rat. (c, left) Quadratic fits
of PWV/PP as a function of diastolic BP for all young (solid line, light gray) and old (dashed line, dark gray) Fisher rats, with 95% prediction error bands.
(c, right) Quadratic fits of PWV/PP as a function of diastolic BP for all young (solid thin line) and old (dashed thin line) Fisher rats, as well as for all young
(solid thick line) and old (dashed thick line) spontaneously hypertensive rats (SHRs).
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During isovolumic contraction, the left ventricle generates pressure
until it reaches the aortic diastolic BP, at which point ejection begins.
This marks the first hemodynamic reference point (diastolic pressure),
which we have used for the non-parametric plots. Ejection of blood
that follows aortic valve opening generates both PP and the speed at
which the pulse wave travels along the vasculature (PWV). Both PP
and PWV depend on BP, which in turn depends on cardiovascular
coupling. Consequently, increases in stroke volume, vascular
impedance or contractility result in increases in PP and PWV. As
PP and PWV also depend on wall tension and compliance, decreased
vascular compliance or increased wall tension lead to higher PP and
PWV and vice versa. Furthermore, our results demonstrate that
increases in PP are smaller when compared with increases in PWV
with stiffening of the aorta in old animals. This could be explained by
the fact that the ejected stroke volume stretches the proximal segment
of the aorta (generating PP) to a point at which the vessel cannot
stretch any further. The stroke volume is forced forward to the next
un-stretched segment of aorta until the complete stroke volume is
accommodated by the central vasculature. Stiff old vessels are much
less compliant and hence favor the forward spread of the pulse wave
(increased PWV for the same increase in PP). To better delineate this
difference, we investigated the relationship between PP and PWV,
generated by each individual stroke volume ejected. This should
minimize or eliminate the effects of BP on the direct comparison of
PWV and PP, as BP has similar effect on both parameters, thereby
canceling out its effect on the PWV/PP relationship. Parametric plots
of quadratic fits for PWV vs. PP as diastolic BP increases provided the
best separation between animals. We defined the slope of the midpoint
between the data of this relationship between PP and PWV as the
Arterial Stiffness Index (ASI, Figure 5c, right panel). Therefore, by
definition and similar to the AASI, calculation of the ASI requires
multiple measurements and different diastolic BPs. In our model, the
slope more than doubles for old vs. young animals making the ASI a
marker for subtle changes in vascular stiffness associated with aging,
with high values indicating high vascular stiffness. Ultimately, these
calculations can be performed by software on commercially available
equipment that already measures PWV. This would provide the
clinician with supplemental prognostic information for all patients,
would be easy to obtain and does not necessarily require 24-h BP
measurements.
We tested the ASI in a model of hypertension and aging by

repeating the invasive measurements in young normotensive and old
hypertensive SHRs, which are very similar to Fisher rats, but do have a
different genetic background. The slope of the curve and therefore
the ASI is virtually identical for old hypertensive SHRs and old normo-
tensive Fisher rats but is shifted upwards (0.076m s− 1mmHg− 1 for
old hypertensive SHRs, 0.077m s− 1mmHg− 1 for old normotensive
Fisher rats, Figure 5d). The quadratic fits of PWV as a function of PP
for young normotensive SHRs is steeper than that for young normo-
tensive Fisher rats (young normotensive SHR: 0.095m s− 1mmHg− 1,
young normotensive Fisher rats: 0.035m s− 1mmHg− 1), indicating
that both young normotensive and old hypertensive SHRs have a stiff
vasculature. This suggests that, in our animals, increased vascular
stiffness precedes the development of marked hypertension during the
aging of SHRs, which is contrary to some prior studies in the
literature.39,40 Nevertheless, our young SHRs while still being normo-
tensive at baseline, showed dramatic increases in PP and PWV when
BP was elevated pharmacologically during the experiment.
Lastly, we describe the relationship between PWV and PP as a ratio

of PWV/PP for any single measurement point instead of the slope
from multiple measurements. This PWV/PP index is also able to

differentiate stiff vasculature in hypertensive SHRs from normotensive
Fisher rats and normotensive SHRs (Figure 6c). This simplified ASI
demonstrates that hypertensive old SHRs have a higher PWV for
identical BPs than normotensive SHRs and Fisher rats. The benefit of
the simplified ASI is that it could potentially be used clinically to
differentiate stiff from compliant vasculature at any given BP without
the need for multiple measurements. The issue of PWV dependence
on BP may be resolved with the simplified ASI, because in stiff
vasculature, the simplified ASI will stay the same, but in compliant
vasculature, if anything, it will decrease with increases in BP. This
potentially allows one to compare vascular stiffness between patients
given that their PWV may have been measured at a different BP. Our
data show that young normotensive Fisher rats exhibit a decreasing
PWV/PP ratio over the spectrum of diastolic BPs, while old
normotensive Fisher rats and young normotensive SHRs demonstrate
a constant ratio of PWV/PP over the measured diastolic BP spectrum.
This relationship is shifted upwards in old hypertensive SHRs
(Figure 6). These results, possibly indicate that vascular stiffness is
already higher in young SHRs before they develop hypertension while
the addition of hypertension in the old SHRs results in an upward shift
of the PWV/PP relationship.2 This would indicate that, in our model,
vascular stiffness could be the initial pathological change in the
vasculature before the animals become markedly hypertensive, which
is consistent with some studies41–43 but contrary to some others.39,40

Furthermore, the development of hypertension and therefore changes
in BP does not negatively affect the ASI but rather leads to a shift in
the relationship of PWV and PP without significantly changing the
slope (defined as ASI).
To compare the ASI with the AASI, we invasively measured

thousands of data points per animal, which enabled us to perform
precise calculations with very little variation. Both were able to
differentiate old from young vasculature, however, the difference in
the slope, though statistically significant, was 15% for the AASI and
2% for the SHRs in this very homogeneous data set, with the ASI
demonstrating a more than 100% difference between the two groups
(Figure 5). This might be partially owing to the fact that the AASI
distinguishes between stiffer vessels from compliant vessels based on
the assumption that stiffer vessels have a disproportionate increase in
systolic BP compared with diastolic BP, which is not as pronounced in
our data except at the extremes of BP, where PP increases dispro-
portionally in young animals (Figure 2). Furthermore, the AASI and
ASI assay different features of arterial stiffness. The AASI uses the
entire BP range, whereas the ASI is determines where the slope of the
underlying curve becomes asymptotically linear reflecting vascular
features of higher BPs.
Next, we compared the ASI with the CAVI, which has been shown

to have a good correlation with cardiovascular risk factors being
predictive of clinical outcomes.44 However, the CAVI was also shown
to be strongly affected by different antihypertensive regimens and as
not being BP-independent as initially thought, as confirmed by our
data (Figure 4),45,46 but it differentiated the different vascular beds.
The reason for that is that the CAVI might not only reflect intrinsic
vascular wall matrix composition but also the contractile state of the
vessel wall. In this context, it is not surprising that in our experiment,
where we achieved BP variation by pharmacologic manipulation,
CAVI was strongly dependent on BP probably reflecting different
states of vascular contraction (Figure 4).
Here, we propose a novel index of vascular stiffness that can be used

to non-invasively compare different vascular beds. It is inherently
difficult to isolate one or two parameters in an in vivo experiment
while controlling all other variables. In our experimental setting,
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we strived to control for confounding hemodynamic parameters by
maintaining a constant volume status and an identical depth of
anesthesia in all animals. To manipulate BP, we used an alpha agonist
without directly changing inotropy or heart rate. We therefore
assumed that the observed changes in BP and PWV are predominantly
due to changes in vascular tone and SVR and not due to increases in
contractility, heart rate or stroke volume—which could bias our
results. Furthermore, to establish either the ASI or the simplified ASI
as a surrogate end point for identifying cardiovascular risk, there is a
need to demonstrate that a low ASI is predictive of cardiovascular risk.
Also, similar experiments need to be carried out in patients to validate
this index in the clinical setting. Lastly, multiple measurements at
different BPs need to be taken to reliably calculate the ASI, whereas the
simplified ASI may be obtained by only a single measurement. We
believe that these indices might potentially be useful in assessing the
effectiveness of new drugs targeting intrinsic vascular stiffness and to
distinguish the effects of BP modulation from vascular wall remodel-
ing elicited by currently available drugs.
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