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Abstract Cardiac pulsatility and aortic compliance
may result in aortic area and diameter changes
throughout the cardiac cycle in the entire aorta. Until
this moment these dynamic changes could never be
established in the aortic root (aortic annulus, sinuses
of Valsalva and sinotubular junction). The aim of this
study was to visualize and characterize the changes in
aortic root dimensions during systole and diastole
with ECG-gated multidetector row computed tomog-
raphy (MDCT). MDCT scans of subjects without
aortic root disease were analyzed. Retrospectively,
ECG-gated reconstructions at each 10% of the
cardiac cycle were made and analyzed during systole
(30-40%) and diastole (70-75%). Axial planes were
reconstructed at three different levels of the aortic
root. At each level the maximal and its perpendicular
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luminal dimension were measured. The mean dimen-
sions of the total study group (n = 108, mean age
56 £ 13 years) do not show any significant differ-
ence between systole and diastole. The individual
dimensions vary up to 5 mm. However, the differ-
ences range between minus 5 mm (diastolic dimen-
sion is greater than systolic dimensions) and 5 mm
(vice versa). This variability is independent of
gender, age, height and weight. This study demon-
strated a significant individual dynamic change in the
dimensions of the aortic root. These results are highly
unpredictable. Most of the healthy subjects have
larger systolic dimensions, however, some do have
larger diastolic dimensions.

Keywords Aortic valve - Electrocardiogram
(ECG)-gated imaging techniques - Multidetector row
computed tomography

Introduction

Cardiac pulsatility and aortic compliance may result
in aortic area and diameter changes throughout the
cardiac cycle in the healthy and diseased human
ascending, descending and abdominal aorta, as visu-
alized by computed tomographic angiography (CTA),
magnetic resonance angiography (MRA) and M-mode
ultrasound [1-4]. The presence of dimensional
changes in the aortic root (composed of the aortic
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valve annulus, the site of attachment of the aortic
valve leaflets; the sinuses of Valsalva and the
sinotubular junction [5]) has been extensively studied
over the past few years. No dynamic changes could be
observed in the human aortic root in three different
studies [6-8]. However, in dogs the commissural
diameter of the aortic root increased by 12% between
systole and diastole [9]. Furthermore, finite element
model analysis [10] showed enlarged dimensions of
the aortic root during the systolic phase of the cardiac
cycle. These conflicting findings have resulted in an
ongoing discussion about the dynamic morphological
changes in the aortic root [11, 12]. According to the
observed dynamic changes at the level of the ascend-
ing, descending and abdominal aorta, we hypothesize
that these changes are present at the level of the aortic
root as well. However, even in the ascending,
descending and abdominal aorta it is unknown in
which phase of the cardiac cycle (systole or diastole)
the dimensions are the largest.

The purpose of this study was to utilize ECG-gated
multidetector row computed tomography (MDCT)
and characterize the normal aortic root dimensions on
an individual level and evaluate dynamic changes of
these dimensions during systole and diastole.

Methods
Patient selection and study design

The picture and archiving system (PACS) of the
department of Radiology in the University Medical
Center Utrecht was searched for patients that had
underwent a contrast enhanced retrospective ECG-
gated MDCT of the heart from January 2006 to
December 2008. The majority of these patients were
part of the GROUND study [13]. The study is in
compliance with the Helsinki Declaration and the
local ethics committee gave their approval. Partici-
pating patients have signed an informed consent
form. Data on patient body weight, body length and
heart rate during the scan were retrieved from the
hospital information system or the scan data. Patients
with valvular heart disease, coronary heart disease,
cardiomyopathy or atrial fibrillation were excluded.
Valvular heart disease was defined as the presence
of aortic root disease or mitral valve disease
(both stenosis and regurgitation). Furthermore, in all
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subjects we evaluated the heart valves on the CT
images for morphological abnormalities to make sure
that there were no valve calcifications. Trivial
tricuspid regurgitation is frequently detected by
echocardiography in normal subjects [14] and these
subjects are therefore not excluded in this study.

Imaging protocol

Patients were scanned on a 64- or 256-slice scanner
(Brilliance 64 and iCT, respectively, Philips, Philips
Medical Systems, Best, The Netherlands). Non-ionic,
iodinated contrast agent (Ultravist, Bayer Healthcare
Tarrytown, New York) was continuously injected
intravenously followed by a saline chaser. Total
contrast dose and injection rate were calculated
individually based on patient weight and scan duration.
The contrast media dose ranged from 85 ml (300 mg/ml
iodine) with an injection rate of 5.3 ml/s in patients
below 70 kg till 107 ml (300 mg/ml iodine) with an
injection rate of 6.7 ml/s in patients above 85 kg. CT
scanning was based on a retrospectively ECG-gated
data acquisition with 64 x 0.625 mm or 128 x
0.625 mm collimation, a scan pitch of 0.16-0.2, and
a gantry rotation time of 270-420 ms. Exposure param-
eters were 120 kVp tube voltage and 500-700-mAs
effective tube current, depending on patient size. The
radiation dose per individual measures approximately
10 millisievert. If heart rate was >60 beats per minute,
short-acting beta-blockers (metoprolol 5-20 mg) were
administered intravenously to decrease heart rate and
improve image quality.

From the acquired scan data the diastolic (70-75%)
and systolic (30—40%) phase (0.9 mm-thick sections
at 0.7-mm intervals) were reconstructed. According to
the literature, 30-40 and 70-75% of the R-R interval
represents the systolic and diastolic phase, respec-
tively [6]. The scan range was set from the proximal
aortic arch to the diaphragm.

Data analysis

Images were transferred to a dedicated workstation
(Brilliance Workspace, Philips, Philips Medical Sys-
tems, Best, The Netherlands) and loaded into the
cardiac viewer application for analysis. The cardiac
viewer software allows three perpendicular axes to be
adjusted simultaneously to obtain 3 perpendicular
imaging planes.



Int J Cardiovasc Imaging (2011) 27:1195-1204

1197

The luminal diameters of the aortic valve (AV)
annulus, sinuses of Valsalva, and the sinotubular
junction (STJ) were measured in both systole and
diastole by a single observer (LMH). In this study, the
image reconstruction protocol suggested by Schultz
et al. [15] was used. Axial cuts through the aortic root
were obtained by aligning the three perpendicular
imaging planes (one axial and two longitudinal,
respectively, oblique sagittal and oblique coronal,
Fig. 1). To identify the true short axis, one imaging
plane was aligned parallel to the AV annulus. The
alignment with the AV annulus was checked in the
other imaging planes. The definition of the AV annulus
is controversial. From anatomical and surgical per-
spective, the valve leaflets are attached within the
cylinder of the root in the form of a coronet [5].
According to Anderson et al. [5] proper values of the
annular dimension can only be provided when mea-
surements are made at the bottom of the leaflet
attachments. Therefore, the level of the aortic valve
annulus on CT is defined as the lowest level of
insertion of the valve leaflets into the aortic root. The
oblique sagittal plane was then modified by defining it
in the axial window at the level of leaflet coaptation as
the line running through the commissure and along the
coaptation line of the left and non-coronary cusps
thereby dividing the right coronary sinus into visually
equal halves. The oblique coronal plane was defined as
the line orthogonal to and crossing the oblique sagittal
at the point of central leaflet coaptation. Subsequently,
measurements of the root were performed at three
levels on the appropriate in plane slices.

The maximal diameter (Dmax) at this level was
measured in the in plane images. Perpendicular to this
line, a second short axis diameter was measured (Dmin).
According to Tops et al. [6] the annulus was defined as
oval if the difference between these two measurements
was greater than 3 mm. For the sinuses of Valsalva the
diameter was measured as a line extending from each of
the three commissures to the middle of the opposite
coronary cusp. The Dmax and minimal diameter were
used for analysis. The STJ was measured at the junction
of the sinuses and the tubular portion of the ascending
aorta (Fig. 2). The differences between systolic and
diastolic dimensions were determined (systolic minus
diastolic dimension) and plotted in a histogram to
examine the distribution of the variance.

The diameter of the AV annulus, STJ and sinuses of
Valsalva was also measured on the oblique coronal
view (Fig. 2). The Dmax and Dmin on the double
oblique transverse view and the diameter on the
coronal view were compared, resembling the compar-
ison between 3D and 2D measurements, respectively.

Statistical analysis

All values presented are the mean =+ standard devi-
ation for continuous variables and the percentage of
total patients for categorical variables. The differ-
ent diameter measurements were all normally dis-
tributed and differences between maximal and
perpendicular diameters and between systole and
diastole were compared in the same patient using the
paired sample ¢ test. The differences between systole

Fig. 1 Definition of the imaging planes on MDCT. The red line
was aligned parallel to the valve annulus in the coronal (a) and
sagittal (b) plane to obtain an in plane image of the aortic valve

annulus (c). Dimension measurements (maximal and perpen-
dicular) were made on image ¢
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Fig. 2 The aortic annulus or base of the native leaflets was
defined as the axial plane just beneath the most caudal
attachment of all three aortic leaflets (al). The largest diameter
and the diameter perpendicular to this line were measured on
the axial image (a2). On the oblique coronal view, the annulus
measurement is shown in a3. The sinus of Valsalva dimensions
were measured as the line extending from each commissure to
the middle of the opposite coronary cusp (b2). On the oblique

and diastole were also plotted in a histogram to
examine the distribution of the variance. The inde-
pendent sample ¢ test was used for comparison of
continuous and categoric variables, as appropriate.
All p values were 2-sided. Calculations were per-
formed with the Statistical Package for the Social
Sciences version 15.0 (SPSS Inc.Chicago, IL). All
statistical tests were 2-sided and a p value <0.05 was
considered statistically significant.

Results

We enrolled a total of 108 subjects (89 males, 19
females) with a mean age of 56.1 £ 12.5 years. The
baseline characteristics, including a gender sub
analysis, are demonstrated in Table 1.
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coronal view, the sinus of Valsalva measurement is shown in
b3. The sinotubular junction was measured at the junction of
the sinuses of Valsalva and the tubular portion of the ascending
aorta (cl). The largest diameter and the diameter perpendicular
to this line were measured on the axial image (c2). On the
oblique coronal view, the sinotubular junction measurement is
shown in ¢3

The overall image quality of the 108 MDCT-scans
used for this study was good. Scans with severe
artifacts were excluded.

Aortic root dimensions

There was a significant difference between the mean
Dmax and mean Dmin at all levels (AV annulus,
sinuses of Valsalva and STJ) (Table 2). The mean
difference between the Dmax and Dmin of the AV
annulus in systole and diastole was 4.6 £ 2.5 and
6.0 £ 2.6 mm, respectively. Sixty-seven subjects
(70.3%) had an oval shaped root (defined as a
>3 mm difference between Dmax and Dmin) during
both systole and diastole. Two subjects (1.9%) had
only an oval shaped annulus during systole and 19
subjects (17.6%) only during diastole. Eleven sub-
jects (10.2%) had non-oval shaped annulus. The
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Table 1 Baseline patient characteristics

Parameter Study population N = 108 Male N = 89 Female N = 19 p value

Age (years)* 56.1 £ 12.5 55.6 £ 11.6 582 + 16.2 NS

Male gender (%) 89 (82) - - -

Body length (cm)* 176 £ 8 179 £ 6 168 £ 6 <0.01

Body weight (kg)* 82 + 13 85 + 12 72 + 14 0.01

Heart rate during imaging (beats/min)* 59 £ 10 55+9 69 + 6 <0.01

* Values are displayed as mean + SD

Table 2 A comparison of the mean maximal (Dmax) and perpendicular (Dmin) diameters at three levels of the aortic root

Level of measurement Systolic p value Diastolic p value
Dmax Dmin Dmax Dmin

Aortic valve annulus 29.7 £ 34 25.1 £33 0.000 30.1 £ 3.0 24.0 £ 3.1 0.000

Sinuses of Valsalva* 364 + 4.0 335+ 3.6 0.000 354 +£38 32.8 £ 3.6 0.000

Sinotubular junction 324 +£38 30.0 £ 3.6 0.000 315 +£39 295 £ 35 0.000

* The diameter of the sinuses of Valsalva is measured in three directions. The maximal diameter and the minimal diameter were

shown as Dmax and Dmin, respectively

mean Dmax and Dmin of all 108 subjects together
showed no significant differences between systole
and diastole (Table 2). The Dmax of the AV annulus
in systole versus diastole was 29.7 &+ 3.4 versus
30.1 £ 3.0 mm and the Dmin 25.1 £ 3.3 versus
24.0 £ 3.1 mm, respectively. The Dmax of the
sinuses of Valsalva was 36.4 + 4.0 mm during
systole and 35.4 £ 3.8 mm during diastole and the
Dmin 33.5 + 3.6 versus 32.8 £ 3.6 mm, respec-
tively. At the level of the STJ the Dmax was
324 £ 3.8 versus 31.5 £ 3.9 mm during systole
and diastole, respectively and the Dmin was
30.0 &+ 3.6 and 29.5 £ 3.5 mm, respectively.

The SPSS paired sample ¢ test results showed a
significant difference between the systolic and dia-
stolic diameters in all individual subjects (<0.001)
which is absent when the mean diameters were
summed up, because the distribution of these differ-
ences is variable at all levels, as is shown in the
histograms in Fig. 3. In most of the subjects the
systolic diameters of the AV annulus, the sinuses of
Valsalva and the STJ were larger than the diastolic
dimensions (Table 3).

Gender differences

The diameters, both Dmax and Dmin, of the male
aortic root were significantly larger than the

diameters of the female aortic root (Table 4). There
is no significant correlation between length of the
subjects and the dimensions and weight of the
subjects and the dimensions (data not shown).

3D versus 2D measurements

Table 5 shows a significant difference between both
the in plane Dmax and Dmin and the longitudinal
“one direction” coronal measurement, indicating an
oval shaped aortic root.

Discussion

In the present study, ECG-gated MDCT (64- and 256
slice) was used to measure the dimensions of the
aortic root (AV annulus, sinuses of Valsalva and STJ)
in 108 healthy subjects. There was a significant
difference between these three-dimensional measure-
ments and the two-dimensional measurements, rep-
resented by the coronal measurement on MDCT.
Other studies confirmed these results [6, 7].

With MDCT, previous studies did not show any
significant difference between the systolic and dia-
stolic dimensions of the aortic root. This unexpected
finding might be caused by the method used to
measure the dimensions. In these studies the
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Annulus

Sinuses of Valsalva

Sinotubular junction

Count

-4,00

2,00 0,00 2,00 4,00 -4,00 -2,00 0,00

2,00 4,00 4,00 2,00 0,00 2,00 4,00

Systolic maximal diameter minus diastolic maximal diameter (mm)

Fig. 3 Histograms of the difference between the maximal systolic diameter and the maximal diastolic diameter at the level of the
aortic valve annulus (a), sinuses of Valsalva (b) and sinotubular junction (c¢), showing a highly variable distribution

Table 3 The absolute differences and the distribution of the differences between the systolic and diastolic dimensions in the

individual patients at all levels

Level Dmax* Dmin* Systolic > diastolic Systolic = diastolic Diastolic > systolic
Dmax Dmin Dmax Dmin Dmax Dmin
Annulus —03+24 1.1 £20 38.5 69.2 2.8 0 58.7 30.8
Sinuses* 0.8 £2.0 06+ 14 78.5 76.6 1.9 5.6 19.6 17.8
Sinotubular 1.0+ 14 08+ 1.6 65.0 61.1 39 1.9 31.1 37.0

Values are displayed as percentage of the total number of subjects
Dmax = maximal diameter
Dmin = perpendicular diameter

* Values are displayed as mean + standard deviation

dimensions during systole and diastole were mea-
sured in coronal and single oblique sagittal [6, 7] and
in longitudinal reconstructions [8]. In our study, the
axial reconstruction was used to measure the dimen-
sions at different levels in the aortic root.

A comparison between the Dmax and Dmin on the
axial image revealed a significant difference between
both values that was variable between subjects.
Seventy-six subjects (70.3%) had an oval shaped
root (defined as a >3 mm difference between Dmax
and Dmin [6]) during both systole and diastole. Two
subjects (1.9%) had just an oval shaped annulus
during systole and 19 subjects (17.6%) just during
diastole. 11 subjects (10.2%) had a more circular
shaped annulus. The fact that the aortic valve annulus
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is an oval shaped structure, rather than a circle, is
confirmed by other studies [6, 7]. The difference in
shape between systole and diastole implies a change
in dimensions during the cardiac cycle.

Although many studies showed dynamic changes
in the aorta diameter at different levels during the
cardiac cycle, the presence of systolic and diastolic
changes at the level of the aortic root were not
observed in previous human studies by noninvasive
imaging with MDCT [6-8]. Sonomicrometry studies
in dogs [9] and finite element model analysis [10] did
show enlargement of the aortic root dimensions
during systole compared to diastole. There is an
ongoing discussion [12] regarding the mechanism by
which the aortic root dilates prior to opening of the
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Table 4 Aortic root dimensions: stratification by gender and
comparison between male and female

Variable Male N = 89 Female N = 19 p value

Aortic valve annulus

Systolic Dmax 304 +£30 263 +35 0.000
Diastolic Dmax 307 £27 272 +28 0.000
Systolic Dmin 256 +30 224 +33 0.001
Diastolic Dmin 24.6 + 2.8 21.0 £ 2.6 0.000
Sinuses of valsalva
Systolic Dmax 37.1 £ 3.8 327 £ 2.7 0.000
Diastolic Dmax 36.0+ 36 324 +£28 0.000
Systolic Dmin 342+34 299426 0.000
Diastolic Dmin 334+£34 299 +3.1 0.000
Sinotubular junction
Systolic Dmax 329 + 38 29.8 £ 29 0.001
Diastolic Dmax 319 £ 3.8 294 + 3.7 0.018
Systolic Dmin 30.5 £ 3.5 27.7 £ 3.1 0.003
Diastolic Dmin 299 +35 274 +36 0.002

All values are displayed as mean = SD
Dmax = maximal diameter

Dmin = perpendicular diameter

aortic valve. Can this dilatation be explained by
passive fluid dynamics or is it an active process and
are there physiological or pathological processes that
can influence this dilatation?

Angiography and echocardiography are helpful
imaging modalities in the visualization of the aortic
root. With the advent of transcatheter AV implanta-
tion procedures (TAVI) [16-18], the closed chest

imaging becomes even more important, because of
the difficulty with prosthesis sizing, accurate posi-
tioning of the prosthesis, the covering of the coronary
ostia by the prosthesis [18] and even occlusion of the
left coronary artery [17]. Currently used angiography
and echocardiography are limited by their two-
dimensional character [6-8]. MDCT can provide
three-dimensional images with a high spatial resolu-
tion and give detailed information on the anatomy of
the aortic root and the relation of the annulus with the
coronary arteries [6]. The use of real-time 3D TEE to
guide cardiac interventions has increased over the last
few years. Direct planimetry of the aortic annular
area by 3D TEE volumetric imaging showed the best
agreement with MDCT as a ‘gold standard” [19],
although it still underestimated the MDCT planime-
tered areas by up to 9.6%, most likely due to a lower
spatial resolution associated with 3D TEE volumetric
imaging [19].

To demonstrate differences between systolic and
diastolic dimensions, an individual comparison
between both values was made. This comparison
revealed significant dynamic changes in the aortic
root dimensions. When the individual measurements
were added to calculate the mean of the entire study
population, this dynamic difference disappeared, as
was the case in the other studies [6—8]. This can be
explained by the highly variable distribution of the
difference between systolic and diastolic dimensions,
as was shown in the histogram. As expected, most of
the individual subjects had larger systolic dimensions,
compared to the diastolic dimensions, however, some

Table 5 Comparison between 3D (axial) and 2D (coronal) dimension measurements

Mean diameter (mm) Coronal Axial
Dmax p value Dmin p value
Systolic
Aortic valve annulus 26.6 + 2.8 29.7 + 34 0.000 251+ 33 0.000
Sinuses of Valsalva 371+ 38 364 + 4.0 0.000 33,5+ 3.6 0.000
Sinotubular junction 294 + 3.7 324+ 38 0.000 30.0 + 3.6 0.002
Diastolic
Aortic valve annulus 269 + 24 30.1 + 3.0 0.000 24.0 + 3.1 0.000
Sinuses of Valsalva 36.5 + 3.9 354 £ 3.8 0.000 32.8 £ 3.6 0.000
Sinotubular junction 28.9 + 3.7 315+ 39 0.000 295+ 35 0.001

All values are displayed as mean &+ SD
Dmax = maximal diameter

Dmin = perpendicular diameter
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had larger diastolic dimensions. According to these
results we can conclude that there are dynamic
changes in the aortic root of healthy subjects,
however, they are very unpredictable.

With the limited available literature on this
subject, an explanation of this unpredictability is
challenging. Most of the studies describing the aortic
root dimensions were carried out either by models or
at autopsy [20, 21]. Observations of the aortic root in
the beating heart has been done both indirectly and
directly. Indirect methods include X-ray techniques,
with either contrast material (human study) [22],
radiopaque markers (animal studies in dogs and
sheep) [9, 23-25] or sonomicrometry (animal studies
in sheep) [11, 26] as well as echocardiography
(animal study in dogs and a human study) [27, 28].
Direct observation of the aortic root in dogs can be
achieved with cinematographic techniques (animal
study in dogs), in which blood can be a disturbing
factor [29] or electromagnetic induction (animal
study with dogs) [30]. The studies performed in dogs
and sheep with various imaging techniques all
showed expansion of the aortic root during systole.
A 16% radial displacement of the commissures was
observed in an isolated aortic root model [21] and
12% in dogs [9]. The aortic root expansion starts
prior to ejection and follows a precise order. Each
root level reached maximal expansion during the first
third of ejection [26]. At end-diastole, the aortic root
had a truncated cone shape and during systole it
became more cylindrical in a sonomicrometry study
in sheep [26]. This result corresponds to our findings.
However, Dagum et al. [25] described an annular
contraction during the ejection phase in sheep. In
summary, there is an ongoing discussion with regard
to the dynamic behaviour of the aortic root. The main
limitation of the animal studies is the invasive, acute
and open-chest nature of the models. Furthermore,
the findings in dogs and sheep are not necessarily
applicable to humans. No previous studies in humans
proved pure systolic expansibility of the aortic root
[6-8, 28]. The lack of dynamic behaviour of the
aortic root was attributed by the authors to the lack of
elasticity in the aortic root in comparison to the much
younger dogs and sheep used in the animal studies [8,
28]. Howard et al. [31] has simulated stiffening of the
aortic root and showed a disappearance of the radial
expansion of the aortic root when stiffened.
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The present study describesa non-invasive closed-
chest method to measure the dynamic aortic root
behaviour in the axial plane with MDCT. This study
showed that there is a high variability between the
different individuals, without any correlation with
age, body length or body weight. The mechanism of
the aortic root dynamics can only be partially
understood with the available data and the knowledge
from literature. Better understanding of the aortic root
dynamic anatomy is a necessity. Because of the high
individual variability, shown in this study, an indi-
vidual non-invasive determination of the dynamic
characteristics of the aortic root in each subject is
necessary for adequate analysis. The method used by
Van Prehn et al. [32] could be an interesting method
for segmentation of the different levels of the aortic
root in the axial plane. With this method dynamic
changes over the complete cardiac cycle in all
directions can be analyzed in the thoracic aorta. In
the future, this might support the cardiothoracic
surgeons, cardiologists and engineers in their pros-
thesis selection, sizing and design.

In conclusion, the AV annulus is an oval, rather
than a circular structure. Previous studies could not
demonstrate dynamic changes in the aortic root,
although they were present in the ascending, descend-
ing and abdominal aorta. This may be explained by
the presence of a substantial variability in the
dynamic changes of the aortic root dimensions during
systole and diastole in healthy subjects. This study
demonstrated a significant dynamic change in all
subjects with a variable distribution between systole
and diastole, due to the complex geometry of the
aortic root. More research is needed to determine the
exact shape changes in all directions throughout the
entire cardiac cycle in both health and disease.

Limitations

This study showed significant differences of the
aortic root dimensions, between 30 and 40% of the
RR-interval on the ECG (systole) and 70-75% of the
RR-interval (diastole), however, some limitations
have to be addressed.

First, the change of the aortic root diameter and
radius and the area on the in plane images was only
measured in two phases of the cardiac cycle.
Dynamic diameter changes in multiple directions
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should be determined during the whole cardiac cycle,
in each 10% of the RR-interval, to adjust the
prosthesis design and choice of prosthesis diameter
to assess. Furthermore the manual measurement of
the aortic root diameters in this study may be less
reliable than automatic computer segmentations by
dedicated software. However, manual measurement
is a clinically routinely used method.

The blood pressure and the cardiac output of the
patient at the time of the MDCT were not measured.
Both may influence the dynamic behaviour of the
aortic root and may be a confounder in the presented
results. Studies have showed that the aortic stiffness
is increased in patients with hypertension [33, 34].
Therefore, It could be that the dynamic changes in
subjects with lower blood pressures are even more
pronounced.
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