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Abstract

Purpose

To evaluate the association between aortic pulse wave velocity (PWV) and aortic and carotid
vessel wall thickness (VWT) using magnetic resonance imaging (MRI) in hypertensive patients

as compared to healthy volunteers.

Materials and Methods

Local medical ethics approval was obtained and participants gave informed consent. Fifteen
hypertension patients (5 men, 10 female, overall mean age 49 + 14 years) and fifteen age-
and sex-matched healthy volunteers were included. Aortic PWV and aortic and carotid artery
VWT were assessed using validated MRI techniques. The paired t-test, Pearson correlation (r),
uni- and multivariable stepwise linear regression analyses were used for statistical analyses.

Results

Mean values for aortic PWV and aortic and carotid artery VWT were significantly higher in
hypertension patients as compared to healthy volunteers (aortic PWV 7.0 + 1.4 m/s vs. 5.7
+ 1.3 m/s, aortic VWT 0.12 + 0.03 ml vs. 0.10 + 0.03 ml, carotid VWT 0.04 £ 0.01 ml vs. 0.03 £
0.01 ml, all p < 0.015). Aortic PWV was significantly associated with aortic VWT (r 0.76 vs. 0.63)
and to a lesser extent with carotid artery VWT (r 0.50 vs. 0.40) both in patients and controls.
In addition, aortic VWT was associated with carotid VWT, both in patients and controls (r 0.60
vs. 0.57).

Conclusion

Using MRI, aortic PWV is significantly associated with aortic VWT and to a lesser extent with
carotid VWT. These findings indicate the systemic nature of early vessel wall thickening asso-
ciated with hypertension, potentially allowing for improved risk stratification of hypertensive
vascular disease.
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Introduction

Hypertension is an important public health concern leading to increased cardiovascular
morbidity and mortality (1,2). An important prognostic factor in hypertension is arterial
stiffening. Two possible mechanisms may explain this structural vascular stiffening: 1. arterial
wall stretching due to distension; 2. structural arterial wall changes including wall thickening
(3,4). However, the degree to which structural arterial wall changes account for hypertension-
associated stiffening is still disputed (4).

Furthermore, these structural arterial wall changes are usually not confined to a localized
arterial segment, but rather occur as a systemic disease (5). Previous studies revealed that ar-
terial stiffness is associated with increased carotid wall thickness (i.e. intima-media thickness)
and with the presence of carotid and aortic plaques in elderly and in hypertensive patients
(6-8).

Magnetic resonance imaging (MRI) is a validated and accurate imaging technique to assess
pulse wave velocity (PWV) and vessel wall thickness (VWT) (9-11). A previous MRI study has
demonstrated an association between aortic VWT and aortic distensibility (as a measure of
local aortic stiffness) (12). However, possible systemic nature of disease by comprehensive
evaluation of both the aorta and carotid artery has not been established yet. Such evalu-
ation would be desirable as to verify the conceivable systematic character of disease and
to determine the relationship between morphological VWT and functional PWV parameters
that may represent disease.

Accordingly, the purpose of this study was to evaluate the association between aortic PWV
and aortic and carotid VWT using MRI in hypertensive patients as compared to healthy adult

volunteers.

Materials and Methods

Study population

Approval from the local medical ethics committee was obtained and all subjects gave in-
formed consent. Fifteen patients (5 men, 10 women, age range: 24-72 years, overall mean
age 49 + 14 years) diagnosed with essential hypertension defined as systolic blood pressure
> 140 mmHg and/or diastolic blood pressure > 90 mmHg on repeated physical examination,
before antihypertensive medication was instituted (2), were prospectively and consecutively
included between March 2009 and October 2009. Exclusion criteria comprised of evidence
of aortic valve stenosis or insufficiency, as evaluated by means of physical examination and
velocity-encoded MRI, Marfan syndrome, aortic coarctation or any aortic disease, known his-
tory of systemic diseases other than hypertension and general contraindications to MRI. All
patients were on treatment with antihypertensive medication at time of MRI.
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Fifteen age-matched (within 2 years for each participant) and sex-matched healthy volun-
teers without history of cardiovascular disease were included for comparison. Healthy vol-
unteers were recruited by advertisement and underwent a similar and previously described
work-up as hypertensive patients (13). Blood pressure was measured at time of MRI using
a semi-automated sphygmomanometer (Dinamap, Critikon, Tampa, Florida, USA). Further-
more, smoking status (i.e. non-smoker or current smoker or former smoker), body mass index
(BMI), body surface area (BSA), the cholesterol to high-density lipoprotein (Cholesterol/HDL)
ratio and C-reactive protein were determined. Blood was drawn in the morning after an
overnight fast within two weeks of MRI. The albumin excretion ratio was calculated using the
microalbumin and creatinin concentrations in the urine.

Pulse wave velocity

PWV was determined using a 1.5 T MRl scanner (Philips Intera, Philips Medical Systems, Best,
the Netherlands) as described earlier (13). In short, on a scout image of the aorta (Figure
1a), a velocity-encoded (VE) MRI-sequence was planned perpendicular to the ascending and
proximal descending aorta to assess the blood flow velocity. Scan parameters were: repeti-
tion time (TR) 5.0 ms, echo time (TE) 2.9 ms, flip angle (FA) 20°, field-of-view (FOV) 300 mm,
128 x 115 acquisition matrix, reconstructed to 256 x 256, slice thickness 8 mm with maximal
number of phases reconstructed. The maximum velocity encoding (Venc) was set to 150
cm/s.

PWV was calculated by using the formula: Ax/At (m/s), where Ax describes the distance
along the aortic centerline between measurement sites in the ascending and the proximal
descending aorta and At describes the transit-time of the arrival of the systolic pulse wave at
these respective sites. The aortic path length between the ascending and proximal descend-
ing measurements sites was determined from a centerline manually positioned along the
aorta (Figure 1a) using the previously validated in-house developed software package MASS
(14). Transit-time was analyzed from aortic flow velocity maps (Figure 1b) using the previ-
ously validated in-house developed software package FLOW (14).

Semi-automatic contour drawing in the aorta velocity maps was performed by two
researchers (A.A., with 3 years of experience in cardiac MRI) and supervised by a senior
researcher (B.B. 16 years experience in cardiac MRI), both blinded to the subjects’ condition.

Aortic vessel wall thickness

The aortic vessel wall MRI sequence was performed as described in the literature using a
previously validated technique on a 3T MRI scanner (Achieva, Philips, Best, the Netherlands)
(10). In short, a 3-dimensional dual-inversion black-blood , segmented k-space gradient-echo
imaging sequence with fat suppression was localized perpendicular to the aorta at the level
of the margin between the 8th thoracic vertebra and the intervertebral disc between the 7th
and 8th vertebrae, to assess a 2-cm-thick 3-dimensional volume of the aorta (Figure 1c) (15).
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Figure 1. Scan protocol for assessment of aortic PWV and aortic VWT and left carotid VWT.

On a longitudinal scoutimage of the aorta (a), a velocity-encoded (VE) MRI-sequence was planned perpendicular to the ascending and proximal
descending aorta (indicated by the black line) at the level of the pulmonary trunk, to assess the blood flow velocity in the ascending and
proximal descending aorta. Ax represents the path length of the aorta along the centerline of the aortic arch. 1b represents the resulting flow
curves measured at the two respective sites (in the ascending and descending aorta, respectively). The onset of the systolic wave front was
automatically determined from this flow graph by detecting the intersection point of the horizontal line modeling the constant diastolic flow
and upslope of the systolic wave front, modeled by linear regression along 20% to 80% of the range of the flow values along the upslope. At
represents the transit time of the flow wave to propagate from the ascending to the descending aorta.

1crepresents a double-oblique sagittal black-blood image with a 2-cm-thick 3-dimensional volume acquisition of the aorta vessel wall
positioned perpendicular to the aorta at the level of the margin between the 8th thoracic vertebra and the intervertebral disc. 1d represents a
resulting cross-sectional view of aorta and aortic vessel wall.

Te represents an oblique coronal black-blood image of the left carotid artery with a 1.6-cm-thick multi-slice 2-dimensional acquisition stack
positioned perpendicular to the common carotid artery starting at the level of the carotid bifurcation (). 1 represents a resulting cross-
sectional view of the left carotid artery (arrow) and carotid vessel wall.
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Scan parameters included: TR 4.9 ms, TE 2.5 ms, FA 20°, FOV 367 x 512 mm?, scan matrix 512,
acquired in-plane resolution 0.53 X 0.55 mm?, reconstructed in-plane resolution 0.53 x 0.53
mm?, slice thickness 2 mm, and NSA 2. Furthermore, data were acquired every other heart-
beat to minimize the likelihood of slow blood flow contributing to artifactual enhancement
at the periphery of the vessel lumen. Ten cross-sectional slices of the aorta of 2 mm thickness
were reconstructed for further analysis.

Aortic vessel wall image analysis was performed using the previously validated in-house
developed software package VesselMass (16). The aortic luminal and outer wall boundaries
were detected using a semiautomated contour detection tool as has been described previ-
ously (Figure 1d) (16). The aortic center was localized manually per interactive mouse-click
in each slice and automatically detected contours were manually adapted in regions where
segmentation of the vessel wall was not considered adequate. In all subjects, contour seg-
mentation was performed in at least eight out of ten slices. The mean VWT is represented
by cross-sectional vessel wall area x slice thickness averaged over all included slices and is
indexed for BSA and expressed in ml.

Aortic vessel wall contour segmentation was performed by two researchers (A.A., with
3 years of experience in cardiac MRI) and supervised by a senior researcher (B.B. 16 years
experience in cardiac MRI), both unaware of the subjects’ conditions.

Carotid vessel wall thickness

In all subjects the left carotid artery was examined using a 3T MRI scanner (Achieva, Philips,
Best, the Netherlands). The carotid vessel wall sequence has been described and validated
previously (9). In short, a standardized series of oblique axial slices were planned perpen-
dicular to the course of the common carotid artery (Figure 1e). A total of eight contiguous
transverse slices with 2-mm thickness were acquired for the analysis starting from the left
carotid bifurcation in the proximal (caudal) direction. The left carotid bifurcation on the
oblique sagittal scouts was used as a landmark to ensure that the acquisition was planned
at the same location for all subjects. A multislice 2-dimensional stack with dual inversion
recovery black-blood (DIR) (15), spoiled segmented k-space fast gradient-echo sequence
with spectrally selective fat suppression was used to maximize contrast between the carotid
wall and the lumen blood pool. Images were acquired at each RR interval. Scan parameters
were: TR 12 ms, TE 3.6 ms, FA 20°, FOV 367 x 512 mm?, scan matrix 512, acquired in-plane
resolution 0.82 x 0.86 mm?, reconstructed in-plane resolution 0.82 x 0.82 mm?, slice thickness
2 mm, and NSA 1.

Carotid vessel wall image analyses were performed using the previously validated in-house
developed software package VesselMass in a similar way as described for the aortic vessel
wall (Figure 1f) (16,17). In all subjects, contour segmentation was performed in at least four
slices out of eight.
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Carotid vessel wall contour drawing was performed by two researchers (A.A., with 3 years
of experience in cardiac MRI) and supervised by a senior researcher (B.B. 16 years experience
in cardiac MRI), both blinded to the subjects’ conditions.

Statistical Analyses

Statistical analysis was performed using SPSS for Windows (version 17.0; SPSS, Chicago, II-
linois, USA). Data are expressed as mean + standard deviations (sd) unless stated otherwise.
The paired sample t-test was used to compare the clinical, laboratory and MRI derived
parameters between the age- and sex-matched hypertensive patients and healthy volun-
teers. Univariable linear regression analyses were performed in volunteers and hypertensive
patients separately. First, the associations for aortic PWV, aortic VWT and carotid VWT with
age were examined. Then the associations for aorta and carotid wall thickness with aortic
PWV were examined. Furthermore, the association between aorta and carotid wall thickness
was examined.

To test whether the regression coefficients were different between volunteers and hyper-
tensive patients, multiple linear regression was performed with aortic PWV as dependent
variable and hypertension status (i.e. no/yes; no=healthy volunteer) and the interaction be-
tween hypertension status with aortic PWV as predictors. A significant interaction indicates
significantly different regression lines between volunteers and hypertensive patients. Slope
+ standard error (se), intercept + se and Pearson’s correlation coefficients (r) are reported. A

p-value of < 0.05 is considered statistically significant.

Results

Table 1 describes the clinical, laboratory and MRI derived parameters of hypertensive pa-
tients and healthy volunteers. As expected, hypertensive patients had higher systolic blood
pressure than healthy volunteers (p < 0.001). BSA was similar between both groups. PWV
was statistically significantly higher in hypertensive patients when compared to the matched
controls (p =0.011). Furthermore, the values for aortic VWT, aortic diameter and carotid VWT
were significantly higher in hypertensive patients than in controls (i.e. p < 0.001, p = 0.039
and p = 0.025, respectively). These findings remained after indexing for BSA, except for aortic
diameter which was no longer significantly different between patients and healthy adult
volunteers. Therefore, aortic diameter was not included in subsequent analyses.

The associations between age, aortic PWV and VWT in the aorta and carotid arteries are
presented in Figure 2. In Table 2, the results for the univariable regression analyses and corre-
lation coefficients, indicating the strengths of the associations of the respective parameters,
are presented. Both in patients and in volunteers, PWV was significantly associated with age,
with Pearson r = 0.74 in hypertensive patients and r = 0.70 in volunteers. The association
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Table 1. Comparison of hypertensive patients with age- and sex-matched healthy volunteers.

Hypertension Volunteers p-value
Male/Female 5/10 5/10 0.10
Age 49+14 49+14 0.36
Smoking
No/yes/former 131 10/1/4 0.24
Systolic blood pressure (mmHg) 149+19 124+£12 <0.001*
Diastolic blood pressure (mmHg) 88+13 80+8 0.07
BMI (kg/m2) 269+46 251+33 0.24
BSA (m?) 1.9+02 1.9+02 0.98
Cholesterol/HDL ratio (mmol/l) 3409 35+12 0.78
C-reactive protein 65+11.6 21+£35 0.16
Microalbuminuria/creatinine ratio 1.8+20 23.6+833 0.36
Aortic PWV (m/s) 70+14 57+13 0.011*
Aorta vessel wall thickness (ml) 0.23+0.06 0.19 +0.05 <0.001*
Aorta vessel wall thickness/BSA 0.12£0.03 0.10£0.03 <0.001*
Aorta lumen area (cm?) 3.71+0.65 3.29+0.63 0.039*
Aorta lumen area / BSA (cm?/kg) 1.95+031 1.74+0.36 0.095
Carotid vessel wall thickness (ml) 0.07 £0.02 0.06+0.01 0.025%
Carotid vessel wall thickness/BSA 0.04 +0.01 0.03 +0.01 0.014*

BMI: body mass index; BSA: body surface area; Cholesterol/HDL ratio: cholesterol to high density lipid protein. The mean VWT is represented by
cross-sectional vessel wall area X slice thickness averaged over all included slices and is indexed for BSA and expressed in ml. Data are expressed
as means £ sd. * p-value < 0.05.

between age and PWV was not significantly different between patients and volunteers as
the slope of the regression was not significantly different between patients and controls (p
= 0.527). However, the intercept of the association between age and PWV was significantly
different among patients and healthy adult volunteers (p < 0.001), indicating the significantly
higher PWV in hypertensive patients as compared to healthy volunteers regardless of age.
The association between age and PWV for patients and controls separately, is shown in Figure
1a.

Aortic VWT was also significantly associated with age in patients and in healthy adult
subjects. Pearson r = 0.80 in hypertensive patients and r = 0.90 in controls, respectively. The
association between age and aortic VWT was not significantly different between patients and
controls (difference in slope: p = 0.440), but a significant difference in the intercept (difference
in intercept: p < 0.001) between patients and healthy adult subjects was found, indicating
the increased aortic VWT in hypertensive patients (p < 0.001) as compared to healthy adult
subjects (Figure 2b).

Carotid VWT was also significantly associated with age in patients and in healthy adult
subjects with r = 0.58 in hypertensive patients and r = 0.53 in controls. Again, no significant
difference in the association between age and carotid VWT was found between patients
and controls (difference in slope between patients and volunteers: p = 0.789). However a
significant difference in intercept between patients and healthy adult subjects was found
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Table 2. Associations between age, aortic PWV, aorta and carotid wall thickness in patients with hypertension versus healthy volunteers

Slope £ se p-value  Intercept + se p-value Pearson (r)
Hypertension 0.08+0.02 3.42+0.96 0.74
PWV versus age (n=15) 0.002* 0.003*
0.527 <0.001*
Volunteers 0.06 +0.02 2.69+0.90 0.70
(n=15) 0.004* 0.010*
Hypertension 0.001+ 0.001 0.055+ 0.016 0.80
Aortic VWT/BSA versus age (n=15) <0.001* 0.005*
0.440 <0.001*
Volunteers 0.002 + 0.001 0.018 £ 0.012 0.90
(n=15) <0.001 0.145
Hypertension 0.001+ 0.001 0.021+ 0.008 0.58
Carotid VWT/BSA versus age (n=15) 0.042* 0.011*
0.789 0.017*
Volunteers 0.001+ 0.001 0.017 + 0.005 0.53
(n=15) 0.009* 0.001*
Hypertension 0.013+0.003 0.034+0.022 0.76
Aortic VWT/BSA versus PWV (n=15) 0.002* 0.181
0.949 0.341
Volunteers 0.01240.005 0.029+0.028 0.63
(n=15) 0.023* 0.373
Hypertension 0.004 +0.002 0.014£0.011 0.50
Carotid VWT/BSA versus PWV (n=15) 0.037* 0.095
0.520 0.350
Volunteers 0.002 £0.001 0.020 £ 0.008 0.40
(n=15) 0.130 0.009*
Hypertension 0.269 £ 0.081 0.006 £ 0.010 0.60
Carotid VWT/BSA versus aortic VWT/BSA (n=15) 0.005% 0.049*
0.320 0.620
Volunteers 0.172+ 0.054 0.016 + 0.006 0.57
(n=15) 0.007* 0.616

se: standard error; PWV: pulse wave velocity; VWT: vessel wall thickness; The mean VWT is represented by cross-sectional vessel wall area X slice
thickness averaged over all included slices and is indexed for body surface area (BSA) and expressed in ml. * p-value < 0.05.

(difference in intercept: p = 0.017), indicating the increased carotid VWT in patients as com-

pared to healthy adult subjects (Figure 2c).

PWV was significantly associated with VWT in the aorta in both patients (r = 0.76) and

healthy adult subjects (r = 0.63). However, the association was not significantly different be-

tween patients and healthy adult subjects with (no significant difference in slope, p = 0.949

nor in intercept p = 0.341) between patients and controls. From Figure 2d, it can be observed
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Figure 2. Associations between age, aortic VWT, carotid VWT and aortic PWV in hypertension and healthy volunteers.

Association between age and aortic pulse wave velocity (PWV) (), aortic VWT indexed for body surface area (BSA) (b) and carotid VWT indexed
for body surface area (BSA) (c), respectively, in hypertensive patients and age- and sex-matched healthy volunteers. Association between
aortic PWV and aortic VWT indexed for body surface area (BSA) (d) and carotid VWT indexed for body surface area (BSA) (e), respectively, in
hypertensive patients and age- and sex-matched healthy volunteers. Association between aortic VWT indexed for body surface area (BSA) and
carotid VWT indexed for body surface area (BSA) (f) in hypertensive patients and age- and sex-matched healthy volunteers.

that regression lines are approximately similar between patients and healthy adult subjects.

From the distribution and range of the data in this graph it is obvious that patients have

increased PWV-values and aortic VWT as compared to healthy adult subjects.
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Furthermore, PWV was significantly associated with VWT in the carotid artery in patients
(r = 0.50), but not in controls (r = 0.40). However, the association was not significantly dif-
ferent between patients and healthy adult subjects with comparable slopes (p = 0.520) and
no significant difference in intercept (0.350). From the distribution and range of the data in
Figure 2e, it can be observed that both PWV and carotid VWT are increased in patients as
compared to healthy adult subjects.

Finally, both in patients and in controls, aortic VWT was significantly associated with ca-
rotid VWT (r 0.60 and 0.57, respectively). This association between aortic and carotid VWT
was not significantly different between patients and controls with no significant difference
in the slope (p = 0.320) nor in the intercept (p = 0.620) between patients and healthy adult
subjects. This can also be observed in Figure 2f. Furthermore, the distribution and range of
the data in Figure 2f shows that patients have increased aorta and carotid VWT as compared
to healthy adult subjects.

Discussion

The main observations from this study are:

First, aortic PWV and VWT in the aorta and carotid artery are increased in patients with
hypertension as compared to healthy adult subjects. Second, aortic PWV is significantly
and positively associated with aortic VWT in both hypertensive patients and healthy adult
subjects. Third, aortic PWV and aortic VWT are equally positively associated with carotid VWT
in both hypertensive patients and healthy adult subjects. Thus, an increase in aortic stiffness
relates to an increase in VWT in both the aorta and carotid arteries, similarly in hypertensive
patients and healthy adult subjects. Finally, all variables are age-related similarly in both
investigated sub-groups.

It is well known that aortic PWV and VWT in the aorta and carotid arteries are increased
in patients with hypertension (3,12,18-20). Hypertension is a systemic disease that causes
structural changes in the arterial vessel wall, due to fracture and fragmentation of the
elastin fibers, with consequent increase in VWT and decrease in vessel wall compliance or
elasticity (20). According to the Moens-Korteweg equation, PWV is dependent on the elastic
properties, aortic diameters and thickness of the vessel wall (21). However, in the current
study, aortic diameter (as reflected in aortic lumen area) did not differ between hypertensive
patients and healthy adult subjects. This finding may indicate that changes in aortic PWV and
aortic wall thickness are earlier manifestations of aortic vessel wall alterations than aortic
lumen dilatation.

In the current study, MR-assessed increased aortic PWV was associated with increased
aortic VWT both in hypertensive patients and in controls. To the best of our knowledge, direct
association between aortic PWV and aortic VWT has not been reported before. Furthermore,
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aortic PWV is associated with carotid VWT. Several studies have described the association
between arterial stiffness and increased carotid intima-media thickness (6-8). However, as
these studies used ultrasound assessment, no comprehensive evaluation of aortic vessel
wall alterations could be performed and consequently, association between aortic PWV and
aortic VWT could not be reported. In contrast to ultrasound techniques, MRI is a well-suited
and validated modality for accurate assessment of aortic PWV as well as aorta and carotid
VWT and therefore direct evaluation of the associations between aortic PWV and VWT with
carotid VWT is feasible (9,10,22).

Although hypertension is regarded as a systemic disease, it has been suggested that the
development of arterial wall alterations starts in the aorta first and then progresses to the
more peripheral arteries, including the carotid arteries (5,23,24). This study may provide evi-
dence for this hypothesis as the association between aortic PWV and aortic VWT was higher
than the association between aortic PWV and carotid VWT. Assessment of aortic PWV may
have clinical relevance in hypertensive patients. Previously, an MRI-study has demonstrated
in asymptomatic hypertensive patients that increased aortic PWV independently predicts
cardiac and cerebral end-organ disease (13). Similarly, the current study shows that MRI
can assess early systemic vessel wall alterations. Such information may be valuable for risk
stratification and patient management.

Our study has some limitations. First, it involves a cross-sectional study design. Follow-up
studies in patients with other diseases than hypertension need to be performed to further
elucidate the associations between aortic PWV and VWT in the aorta and carotid arteries in
other patient groups. Second, because of medical ethical reasons, all patients were taking
antihypertensive medication at time of MRI, which could have influenced aortic and carotid
measurements in patients with hypertension. However, this medication also has a beneficial
effect on arterial stiffness, therefore the differences in PWV would only increase if patients
were not on medication. Third, we performed vessel wall measurements at 3T to improve
accuracy as compared to lower field strengths. Flow measurements for PWV assessment can
however equally well be performed at 1.5 and 3T. Fourth, in this study, sampling of the aortic
VWT was limited to a 2 cm segment of the proximal descending aorta and sampling of the
carotid VWT was limited to a 1.6 cm of the left common carotid artery only. The sample sites
were well standardized for comparison purposes. Sampling at longer segments or other
vascular trajectories is possible at the penalty of longer scan time. In the future sampling
other vascular territories may add more information on the systemic nature of the disease.

In conclusion, using standardized and validated MRI protocols, we have demonstrated that
functional and morphological alterations, namely aortic PWV and aortic VWT are significantly
associated. This also applies to aortic PWV and carotid VWT - albeit to a lesser extent. These
findings also indicate the systemic nature of early vessel wall thickening associated with hy-
pertension, potentially allowing improved risk stratification of hypertensive vascular disease.
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