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Wave Reflection in Systolic Hypertension:
Smaller Stature, Shorter Aorta: Higher

Pulse Pressure?
To the Editor:

In a recent issue of Hypertension, Mitchell et al1 suggested
that, among patients with systolic hypertension, reduced aortic
diameter and increased wall stiffness, rather than premature wave
reflection, are primarily responsible for increasing pulse pressure
(PP). We share the concerns gently expressed in the accompa-
nying editorial2 that conceptual and methodologic issues do not
substantiate the conclusions put forward by Mitchell et al.1

First, the authors subdivided their patients according to median
PP. This arbitrary dichotomization of the study population led to an
overrepresentation of women with small stature in the high PP
group (56% versus 28%). Body height averaged 166 cm as opposed
to 172 cm in the high and low PP groups, respectively. This
imbalance might flaw the interpretation of the results as proposed by
Mitchell et al.1 Indeed, at similar heart rates, early wave reflection
and, hence, systolic augmentation occur more readily in shorter
individuals because of the shorter length of the aorta. Small stature
is associated with increased peak systolic pressure and shorter travel
time of reflected waves.3 In a recent longitudinal study by Regidor
et al,4 short stature was independently associated with increased PP
in women. In the same study, height was inversely associated with
systolic blood pressure but positively with diastolic blood pressure,
although an independent association between height and diastolic
blood pressure was found only in women.4

Second, in Figure 3, Mitchell et al1 pooled women and men
without providing any statistical evidence that the regression lines in
the sexes were coincident, with no differences in intercepts or slopes.

Third, cyclic overstretching of the proximal aorta by elevated
peak systolic blood pressure and subsequent elastin fracture con-
tributes to the stiffening of the central arteries. We calculated the
wall tension at the level of the aortic root as described by Laplaces’
law (Table) from the diameter and systolic and diastolic blood
pressures, while assuming a 0.125 wall:radians thickness ratio,
because no direct measurement of wall thickness was available in
the article by Mitchell et al.1 The wall tension in the high PP group
appears to be higher (Table). The impedance mismatch in individ-
uals with both a small outflow tract and smaller stature might
predispose the proximal aorta to earlier mechanical wear.

We conclude that the 2 hypotheses on the pathogenesis of
increased PP (small aortic outflow diameter versus increased
wave reflection through arterial stiffening) might not be mutually
exclusive. Only properly conducted longitudinal studies, not the
analysis of an arbitrarily subdivided cross-sectional study, can
inform a definite conclusion. Future studies should also include

a proper quantification of “pump-and-tubing” geometry through
state-of-the-art imaging techniques to avoid the use of the
Moens-Korteweg equation for more objective results.
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Table. Wall Tension at the Level of the Aortic Root

Parameter
Aortic Root Diameter,

Mean�SD, cm
Systolic Blood Pressure,

Mean�SD, mm Hg
Estimated Wall
Thickness, mm

Tension at Aortic
Root, n

High PP 2.99�0.36 173.5�12.0 0.184 2.86115

Low PP 3.13�0.28 155.7�9.5 0.195 2.59345

Values are point estimates for tension at the wall of the aortic roots.
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Questions Regarding the Aortic
Measurements of Mitchell et al

To the Editor:
Mitchell et al1 conclude that reduced proximal aortic diame-

ters, in addition to wall stiffness, account for the increase in pulse
pressure associated with systolic hypertension. This observation
is surprising in view of the strong relations of aging to both
systolic hypertension and progressive aortic dilatation. In their
study, aortic diameter represented the “proximal aortic root”
measured from 2D long-axis images. The average aortic root
diameters reported in their Table 2 (3.13�0.28 cm in individuals
with pulse pressure �75 mm Hg and 2.94�0.36 cm in individ-
uals with pulse pressure �75 mm Hg) are surprisingly small
given an average age of �60 years for the entire population and
average body mass indices in the high-overweight to obese
range. This may reflect measurement of aortic diameters just
distal to the anulus but not at the maximum diameter of the
sinuses of Valsalva, as specified in standard nomograms widely
used to identify normal aortic diameters in relation to body
surface.2 Thus, the authors should more precisely describe the
location of their measurements. Of even greater pathophysiologic
importance, hypertension-associated increases in aortic diame-
ters measured from 2D echocardiographic images occur at the
level of the supra-aortic ridge and in the proximal ascending
aorta.3 Because reported dimensions appear to have been mea-
sured in the portion of the aorta that does not dilate in response
to hypertension, the study conclusions should perhaps be tem-

pered by the understanding that measurement at a slightly higher
level in the proximal aorta might have altered the study findings
by identifying an area where volume capacitance was greater, not
less, in patients with higher pulse pressures.
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Response to Wave Reflection in Systolic Hypertension:
Smaller Stature, Shorter Aorta: Higher Pulse Pressure?
and Questions Regarding the Aortic Measurements of
Mitchell et al

We thank Richart et al1 and Roman and Devereux2 for their
careful reading of our article3 and thoughtful feedback. Richart et
al1 raise 3 points, described below.

First, dichotomization of the sample at the overall median
pulse pressure led to overrepresentation of women, who are
shorter, in the high pulse pressure group. Wave reflection may
have contributed substantially to higher pulse pressure in these
shorter individuals. Second, in our Figure 3, women and men are
pooled without any evidence that the slopes of the regression
lines are the same in men and women. Third, peak wall tension
seems to be higher in the proximal aorta in the high pulse
pressure group and may have contributed to premature mechan-
ical wear and consequent wall stiffening.

They conclude that contributions of smaller diameter and
increased wave reflection to increased pulse pressure may not be
mutually exclusive and add that only properly conducted, longi-
tudinal studies, not the analysis of an arbitrarily subdivided
cross-sectional study, can inform a definite conclusion.

Regarding dichotomization of the sample at the median pulse
pressure, we wish to point out that the primary pulse pressure
model, presented in our Table 3 and Figure 3, considered pulse
pressure as a continuous variable. Furthermore, as noted in the
article, the models in Table 3 were also run separately for men
and women to test for effect modification. Those results are
summarized on page 106,3 top of the left column. In essence,
pulse pressure was related inversely to diameter and directly to
wall stiffness in men and women; however, wave reflection and
mean pressure did not enter the model in men. In response to this
letter, we tested an interaction term between aortic diameter and
sex in the pulse pressure model (Table 3, model 3), and it was not
significant (P�0.37). Furthermore, we compared the slopes of
the relations between pulse pressure residual and diameter
(Figure 3A) for men versus women, and they did not differ
(P�0.27). Therefore, smaller aortic diameter is associated with
higher pulse pressure in men and women in our sample.

Regarding peak wall tension, we would first like to note that
wall thickness is not needed to compute wall tension. We agree
that improper matching between aortic diameter and flow has
adverse implications for wall tension and pulsatile strains in the
proximal aorta and that this may have contributed to a stiffer
aortic wall in the high pulse pressure group.

Regarding separate contributions of reduced diameter and
increased wave reflection to elevated pulse pressure, we refer the
authors to epidemiological observations first made in the Fra-
mingham Offspring Study and confirmed in several large stud-
ies.4 Augmentation index, a measure of wave reflection, in-
creases dramatically before 50 years of age, at a time when
brachial pulse pressure changes little or actually falls. Augmen-
tation index then plateaus or falls after 60 years of age, at a time
when pulse pressure increases dramatically. These simple obser-
vations suggest that the contributions of early wave reflection to
elevated pulse pressure are likely to be modest, consistent with

the model that we have presented in our Table 3. We strongly
agree with the authors and with Vasan,5 who, in his editorial
commentary, underscored the urgent need for a more detailed
assessment of the contribution of regional aortic properties (wall
thickness and stiffness and lumen diameter) to systemic
hemodynamics.

Roman and Devereux2 question where we measured aortic
diameter. As noted in the article, aortic diameter was measured in
the ascending aorta, just above (ie, distal to) the sinuses of
Valsalva. We measured in this location, because it is the
narrowest portion of the proximal aorta and is, therefore, likely to
have a dominant effect on a flow-related term, such as charac-
teristic impedance. This level corresponds with location 3 in the
referenced article by Kim et al,6 who reported average diameters
of 2.81�0.32 cm and 2.94�0.38 cm in normotensive and
hypertensive participants, respectively, with a mean age of
55�12 years(range: 25 to 88 years). Thus, the magnitude of our
measurements in a slightly older sample would seem to be
consistent with the earlier studies of Roman and Devereux.6 We
would like to further note that, after adjusting for body surface
area, aortic diameter did not differ between hypertensive and
normotensive participants in the study by Kim et al,6 despite a
33/20-mm Hg higher systolic/diastolic pressure in the hyperten-
sive group. This observation suggests that aortic diameter would
have been considerably smaller in the hypertensive as compared
with the normotensive group, had the authors adjusted for the
difference in distending pressure. Agmon et al7 also studied the
ascending aorta above the sinuses of Valsalva and found an
inverse relation between pulse pressure and aortic diameter
adjusted for age, sex, and body surface area. Notably, they also
found a negative relation between aortic diameter and an athero-
genic lipid profile, ie, higher high-density lipoprotein and apoli-
poprotein A-I levels were associated with a larger diameter, and
higher triglycerides and apolipoprotein B-100 levels were asso-
ciated with a smaller diameter of the ascending aorta, suggesting
that lipid abnormalities may interfere with matching between
aortic diameter and flow, leading to higher pulse pressure.
Importantly, they included plaque in the lumen when measuring
the aortic diameter, making it unlikely that the presence of plaque
explained the inverse relation between the atherogenic lipid
profile and aortic diameter. We also refer readers to 3 additional
recent studies demonstrating an inverse relation between the
proximal aortic diameter at various levels and pulse pressure,8–10

as well as a previous study from Bella et al11 showing an inverse
relation between aortic root diameter and pulse pressure.

The foregoing observations notwithstanding, significant cen-
tral pressure augmentation does persist in older people, as noted
in our article. Late systolic pressure augmentation affects pulsa-
tility of the central aortic pressure waveform, which perfuses the
heart and brain and contributes to load on the heart. In patients
with a predominant problem involving the heart or brain, it may
be reasonable to reduce global wave reflection with vasodilator
drugs, even if this increases pulsatile exposure elsewhere in the
vasculature. However, that hypothesis needs to be tested in a
randomized trial. We also need to explore the mechanism
responsible for the apparent mismatch between aortic diameter

(Hypertension. 2008;51:e39-e40.)
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and flow with the hope that new treatments directed at the
primary problem (excessive forward pressure wave amplitude)
may be discovered.
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