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abstraCt

Objectives: To evaluate aortic stiffness in patients with ankylosing spondylitis (AS) 
using cardiovascular magnetic resonance (CMR), and to assess its association with AS 
characteristics and left ventricular (LV) remodelling.

Methods: In this prospective study, 14 consecutive AS patients were each matched to 
two controls without cardiovascular symptoms or known cardiovascular disease who 
underwent CMR imaging for the assessment of aortic arch pulse wave velocity (PWV) at 
1.5 Tesla. To enhance comparability of the samples, matching was done with replacement 
resulting in 20 unique controls. Only AS patients with abnormal findings on screening 
echocardiography were included in this exploratory study. Cine CMR was used to assess 
LV geometry and systolic function, and late gadolinium enhancement was performed to 
determine the presence of myocardial hyperenhancement (i.e. fibrosis).

Results: Aortic arch PWV was significantly higher in the AS group compared with the 
control group (median 9.7 m/s, interquartile range [IQR] 7.1–11.8 m/s vs. 6.1 m/s, IQR 
4.6–7.6 m/s; p<0.001). PWV was positively associated with functional disability as measured 
by BASFI (R=0.62; p=0.018). Three patients (21%) with a non-ischaemic pattern of 
hyperenhancement showed increased PWV (11.7 m/s, 12.3 m/s and 16.5 m/s) as compared 
to the 11 patients without hyperenhancement (9.0 m/s, IQR 6.6–10.5 m/s; p=0.022). PWV 
was inversely associated with LV ejection fraction (R=-0.63; p=0.015), but was not found 
to be statistically correlated to LV volumes or mass.

Conclusions: Aortic arch PWV was increased in our cohort of patients with AS. Higher 
PWV in the aortic arch was associated with functional disability, the presence of non-
ischaemic hyperenhancement and reduced LV systolic function.
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IntroduCtIon

Ankylosing spondylitis (AS) is a rheumatic inflammatory disease that is associated with a 
higher risk of cardiovascular death, even after adjustment for traditional risk factors 1. In 
addition, structural and functional cardiac abnormalities have been detected in this patient 
group 2-4. The increased cardiovascular burden in AS could be due to stiffening of the 
arteries from chronic inflammation 5, which is linked to increased cardiovascular events 6.

Aortic pulse wave velocity (PWV) is the gold standard for the assessment of arterial stiffness 7.  
Studies evaluating arterial stiffness in AS have reported inconsistent results; 2 studies 8, 9 
reported significantly higher aortic PWV in patients with AS compared to healthy controls, 
but 2 other studies did not 10, 11. All these studies, however, used either tonometry or 
ultrasound, which both provide an indirect assessment of the aortic PWV. In addition, no 
studies have assessed arterial stiffness and cardiac function simultaneously in AS patients. 
Cardiovascular magnetic resonance (CMR) imaging allows accurate measurement of the 
arterial length between the measurement sites and provides accurate assessment of cardiac 
function and geometry within the same examination 12, 13. 

The present study aimed to evaluate aortic stiffness in patients with ankylosing spondylitis 
(AS) using CMR, and to assess its association with AS characteristics and left ventricular 
(LV) remodelling. 

Methods

study population

Ankylosing spondylitis patients
In this exploratory study, only AS patients with abnormal findings on screening transthoracic 
echocardiography (TTE) were included for further CMR imaging. Between January 2015 
and November 2015, 63 patients with AS were screened by TTE before the pre-set number 
of 15 study patients was reached. Of those 15 patients, one was excluded because of an 
incomplete CMR scan. Abnormal TTE findings of the 14 patients included LV diastolic 
dysfunction grade II (n=11), aortic root dilatation (n=2), right ventricular (RV) dilatation 
(n=1), and RV dysfunction (n=1). One patient with LV diastolic dysfunction also had 
aortic root dilatation. The diagnosis of AS was based on the modified New York criteria 14.  
All patients were between 50 and 75 years old, without cardiovascular symptoms and 
without known cardiovascular disease. Further details of the study design were described 
in a previous publication 4. The present study was conducted in accordance with the 
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Declaration of Helsinki, was approved by the institutional review board (Ethics Committee 
of the Slotervaart Hospital and Reade, Amsterdam, The Netherlands, NL44202.048.13), 
and all patients gave written informed consent. 

Control subjects

To determine whether patients with AS have higher aortic stiffness, we performed a 
matched control analysis with subjects drawn from the Dallas Heart Study (DHS). The 
DHS is a multiethnic, population-based cohort study in which 2122 participants without 
cardiovascular disease underwent CMR imaging between July 2000 to January 2002 for the 
assessment of aortic arch PWV 15. For each AS patient, two matched controls were selected 
in order to have sufficient statistical power for detecting differences in PWV. Controls 
were selected from the group of 2122 participants using exact matching on ethnicity, 
sex, smoking status, diabetes mellitus (DM), presence of hypertension, and use of blood 
pressure lowering medication combined with nearest neighbor matching on age, body 
mass index (BMI), systolic blood pressure (SBP) and resting heart rate (HR) during CMR. 
Due to the relatively large number of matching variables, 8 controls were used more than 
once to allow an appropriate 1:2 match, as described in the statistical analysis section 16. 

ankylosing spondylitis characteristics 

AS disease activity was quantified by using the Ankylosing Spondylitis Disease Activity 
Score-C-reactive protein (ASDAS-CRP) 17, erythrocyte sedimentation rate (ESR), and 
C-reactive protein (CRP). Blood ESR and CRP were averaged over the last five blood 
measurements. Functional disability and spinal mobility were assessed by using respectively 
the Bath Ankylosing Spondylitis Functional Index (BASFI) 18 and the Bath Ankylosing 
Spondylitis Metrology Index (BASMI) 19. 

CMr protocol

All study participants underwent CMR imaging on a 1.5 Tesla clinical MR system. AS 
patients were scanned on an Avanto (Siemens, Erlangen, Germany) at the VUmc, and DHS 
participants were scanned on an Intera (Philips Medical Systems, Best, Netherlands) at the 
University of Texas Southwestern Medical Center (UT Southwestern). For flow analyses, 
a breath-hold, velocity encoded, phase-contrast gradient echo sequence was acquired in 
a transverse plane at the level of the pulmonary trunk. Typical parameters of the phase-
contrast sequence were as follows: temporal resolution 35–50 ms, slice thickness 8mm, 
in-plane resolution <1.8 mm × <1.8 mm, through-plane velocity-encoding at 150 cm/s). 
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For assessment of the aortic arch length, an oblique-sagittal image of the aorta (candy 
cane view) was obtained using a True Fast Imaging with Steady Precession (true FISP) 
sequence (VUmc) or a double inversion-recovery spin echo sequence (UT Southwestern).

In patients with AS, functional imaging was performed using a balanced steady-state free 
precession (SSFP) sequence with retrospective gating in four-, three-, and two- chamber 
long-axis and short-axis orientations (typical parameters: TR/TE 3.2/1.5 ms, flip angle 60°, 
voxel size 1.4×1.4×5.0 mm, temporal resolution 35–50 ms). In addition, LGE images were 
acquired 10–15 minutes after intravenous administration of a bolus of 0.15 mmol/kg Gd-
DOTA (Guerbet, Villepinte, France), in identical orientations as the cine images, using a 
2D segmented inversion-recovery gradient-echo pulse sequence (typical parameters: voxel 
size 1.4×1.4×5.0 mm, typical inversion time 300–450 ms). 

CMr image analysis 

Lumen contours of the ascending and descending aorta were manually traced on magnitude 
gradient-echo images throughout the cardiac cycle, and were subsequently copied to 
phase velocity maps to produce time-velocity flow curves using Qflow (Medis, Leiden, 
the Netherlands) (Figure 7.1A). The time-velocity curves were interpolated to a temporal 
resolution of 10 ms using cubic spline. The length of the aortic arch was measured on the 
candy cane view by drawing a segmented line through the center of the aorta between the 
ascending and descending aortic positions of the phase contrast acquisition (Figure 7.1B). 
Aortic arch PWV was then calculated as the ratio between the length of the aortic arch and 
the transit time between the ascending and descending upstroke velocities at half maximum 
(Figure 7.1C). To assess interobserver variability, a second reader R.P.A.) blinded to the 
obtained results repeated the aortic arch PWV measurements in the patients with AS. 

Left ventricular analyses was performed offline using QMass v7.6 (Medis, Leiden, the 
Netherlands). Epicardial and endocardial borders were manually traced on cine short-axis 
slices for calculation of LV volume, LV mass, and LV ejection fraction (LVEF). Parameters 
of LV geometry and function were indexed to the body surface area.

statistical analysis

Data are presented as mean ± SD for normally distributed continuous variables, median 
and interquartile range (IQR) for non-normally distributed continuous variables, and as 
number and percentages (%) for categorical variables. Histograms were used to determine 
if continuous variables were normally distributed. CRP and aortic arch PWV were log 
transformed to obtain normal distribution. Mean values were compared between subgroups 
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of patients using an independent-samples t-test or Mann-Whitney U test for respectively 
normally distributed and non-normally distributed continuous variables. Categorical values 
were compared between subgroups of patients using a chi-square test. Associations between 
normally distributed continuous variables were quantified using Pearson’s correlation (R). 
Spearman’s rank correlation (RS) was used to quantify associations between non-normally 
distributed continuous variables. 

Interobserver variability of aortic arch PWV assessment was evaluated using the Bland-
Altman method and the two-way random single measures intraclass correlation coefficient 
(ICC) for absolute agreement. As Bland-Altman plots of log-transformed data are difficult 
to interpret, we used methods described in 20 to back-transform the limits of agreement 
derived on log-transformed data to the original scale.

We used exact matching for all categorical variables and nearest neighbor matching for 
the continuous variables (i.e. age, BMI, SBP and HR) to match each AS patient to two 
controls. In order to reduce the amount of bias when estimating the difference between 
groups, we used the NNMATCH procedure in Stata 12 using the ‘with replacement’-option, 

Figure 7.1: assessment of aortic arch pulse wave velocity (pWV) using cardiovascular magnetic reso-
nance. 
A) Tracing of the lumen contours of the ascending (red contour) and descending aorta (blue contour). B) 
Calculation of the transit time (dotted green line) between the ascending (red line) and descending (blue 
line) upstroke velocities at half maximum (black dots). C) Measurement of the aortic arch length between 
the two recording sites (white bar) on the candy cane view.
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thereby allowing different AS patients to be matched to the same control and weighing 
observations accordingly 21. In addition to the matched-pair analysis performed within 
the NNMATCH procedure, we performed a multivariable regression analysis in which we 
controlled for these continuous variables on which matching was not exact. In this analysis 
we included the 14 AS patients and the 20 unique controls and fitted a regression model 
with the logarithm of aortic arch PWV as dependent variable and including presence of 
AS as independent variable while correcting for age, BMI, SBP, HR. All statistical analyses 
were performed using SPSS statistics (IBM SPSS Statistics 22, Chicago, IL, USA) except for 
the matching and comparison of mean aortic stiffness parameters between the matched 
samples. P-values of <0.05 were considered statistically significant. 

results

Patient characteristics of the 14 included patients with AS and the 20 healthy controls are 
described in Table 7.1. AS patients had higher age and slightly higher resting heart rate than 
matched controls (respectively 62 ± 7 vs. 55 ± 6 years and 72 ± 12 vs. 69 ± 9 bpm). BMI 
was higher in controls than in AS patients (27.9 ± 3.0 vs. 27.3 ± 2.6 kg/m2). Otherwise, 
there were no differences in demographics between the groups.

AS characteristics and LV characteristics are described in Table 7.2. Human leukocyte 
antigen B27 was positive in 11 (79%) patients. Mean LVEF was 54 ± 6%, and was impaired 
(i.e. lower than 55%) in 5 patients (36%). On the LGE images, 3 patients (21%) showed 

table 7.1: demographic and clinical characteristics

AS patients 
(N=14)

Controls 
(N=20)

Standardized 
differences

Age (years) 62 ± 7 55 ± 6 1.05

Male (sex) 13 (93) 18 (90) 0

BMI (kg/m2) 27.3 ± 2.6 27.9 ± 3.0 -0.41

Cardiovascular risk factors
Hypertension 7 (50) 9 (45) 0
Diabetes mellitus 3 (21) 3 (15) 0
Current smoker 2 (14) 3 (15) 0

Antihypertensive medication 7 (50) 9 (45) 0

Systolic blood pressure (mmHg) 138 ± 14 135 ± 12 0.20

Resting heart rate (bpm) 72 ± 12 69 ± 9 0.35

Values are mean ± standard deviation or n (%). BMI = body mass index; mmHG = millimeters of mercury; 
bpm = beats per minute. 
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hyperenhancement, all with regions of hyperenhancement in the basal mid-wall to 
subepicardial layer of the inferior and inferolateral basal LV walls (Supplementary Figure 
S7.1). Hypertension was present in 1 of the 3 (33%) patients with hyperenhancement 
compared to 6 of the 11 (55%) patients without hyperenhancement. One patient with 
hyperenhancement had normal LV diastolic function.  

aortic arch pWV in as patients in comparison to controls

Median aortic arch PWV in patients with AS was 9.7 m/s (IQR 7.1–11.8 m/s). Supplementary 
Figure 7.2 shows the Scatter plots and Bland-Altman plots for the interobserver variability 
analysis. Interobserver variability for aortic arch PWV was low with a mean bias of -0.04 
m/s and a ICC of 0.98.

table 7.2: as and lV characteristics

AS patients (N=14)

AS activity and severity
HLA-B27 positive 11 (79)
Time since diagnosis (years) 21 ± 10
BASFI (score) 3.3 (1.9–6.8)
BASMI (score) 4.9 ± 1.6
ASDAS-CRP (score) 2.5 ± 0.9
Time-averaged CRP (mg/l) 7 (3–13)
Time-averaged ESR (mm/h) 5 (3–15)

AS medication
TNFα inhibitor 6 (43)
DMARDs 2 (14)
NSAIDs 11 (79)

LV geometry and function
Indexed EDV (ml/m2) 85 ± 11
Indexed ESV (ml/m2) 40 ± 10
Indexed Mass (g/m2) 48 ± 6
EF (%) 54 ± 6

LV hyperenhancement present 3 (21)

Values are mean ± standard deviation, median (interquartile range) or n (%).
AS = ankylosing spondylitis; HLA = Human leukocyte antigen; BASFI = Bath Ankylosing Spondylitis 
Functional Index; BASMI = Bath Ankylosing Spondylitis Metrology Index; ASDAS = Ankylosing Spondylitis 
Disease Activity Score-C-reactive protein; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; 
TNF = tumor necrosis factor; DMARD = disease-modifying antirheumatic drugs; NSAID = non-steroidal anti-
inflammatory drugs; LV = left ventricular; EDV = end diastolic volume; ESV = end systolic volume; EF = 
ejection fraction.
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To determine whether patients with AS have increased aortic stiffness, we compared aortic 
arch PWV measurements between AS patients and their matched controls. PWV in the 
aortic arch was significantly higher in the patients with AS (9.7 m/s, IQR 7.1–11.8 m/s) 
than in the matched controls (6.1 m/s, IQR 4.6–7.6 m/s; p<0.001) (Figure 7.2). 

We performed a multivariate regression analysis to control for the small differences in 
age, BMI, SBP and HR between the AS group and the control group (Supplementary 
Table S7.1). Even after correcting for these potential confounders, the presence of AS 
remained significantly associated with aortic arch PWV (B=0.19; p=0.020). Furthermore, 
in subgroup analysis including 6 AS patients younger than 60 years, aortic arch PWV was 
significantly higher in patients with AS (9.1 m/s, IQR 7.3–11.0 m/s) compared to matched 
controls (5.7 m/s, IQR 4.6–7.6 m/s, p=0.008) while having comparable age (55 ± 2 vs. 52 
± 6 years) (Figure 7.2).

Correlation of aortic arch pWV with as characteristics

To explore whether AS characteristics were associated with aortic stiffness, we correlated 
AS severity and activity parameters to aortic arch PWV. BASFI was positively associated 
with aortic arch PWV (R=0.62; p=0.018). Aortic arch PWV was higher with increasing 

Figure 7.2: aortic arch pulse wave velocity (pWV) in patients with ankylosing spondylitis (as) (or-
ange) and healthy controls (green). 
Values were compared in the total group of patients (left) and in a subgroup analysis with AS patients 
younger than 60 years only (right). Boxes and error bars indicate median and interquartile range.
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BASMI, but this correlation was not statistically significant (RS=0.36; p=0.21). Disease 
duration, ASDAS-CRP, CRP, and ESR did not show statistically significant correlations 
with aortic arch PWV (Table 7.3). 

At the time of inclusion, 1 patient was not receiving any anti-inflammatory treatment, 7 were 
on NSAIDs only, 2 were on anti-TNF treatment only, and 4 patients were on both NSAIDs 
and anti-TNF treatment. AS patient on NSAIDs had significantly lower aortic PWV (median 
9.0 m/s, IQR 6.6–10.5 m/s) than those not on NSAIDs (11.7 m/s, 13.2 m/s and 16.5 m/s, 
p=0.01). Aortic arch PWV was similar in AS patients on anti-TNF treatment compared 
to those not on anti-TNF treatment (9.2 m/s, IQR 6.1–14.0 m/s vs. 9.9 m/s, IQR 7.7–11.7 
m/s; p=1.00). However, aortic PWV tended to be lower in patients receiving dual-treatment 
with both NSAIDs and anti-TNF than in patients receiving single-treatment with either 
NSAIDs or anti-TNF (7.4 m/s, IQR 5.2–9.8 m/s vs. 10.5 m/s, IQR 8.1–12.7 m/s; p=0.15). 
Supplementary Table S7.2 summarizes the associations between medication and nicotine 
use and aortic arch PWV in the AS patients. NSAID use was significantly associated with 
lower aortic arch PWV (B=-0.22, p=0.03). The use of ACE inhibitors (ACEi) or angiotensin 
II receptor blockers (ARB) showed a non-significant trend of lower aortic arch PWV, while 
current smoking showed a non-significant trend of higher aortic arch PWV. There were only 
2 active smokers in the AS cohort. These two smokers had an aortic PWV of 13.2 m/s and 
11.7 m/s, while the non-smokers had a median aortic arch PWV of 9.1 m/s (IQR 6.7–11.3).

table 7.3: Correlation of as characteristics and lV remodelling with aortic arch pulse wave velocity

Aortic arch PWV (log m/s)

R p-value

AS characteristics
Disease duration (years) 0.24 0.41
BASFI (log score) 0.62 0.018
BASMI (score) 0.36 0.21
ASDAS-CRP (score) -0.02 0.96
Time-averaged CRP (log mg/l) 0.12 0.69
Time-averaged ESR (mm/h) -0.09 0.76

LV remodelling
Indexed EDV (ml/m2) 0.13 0.65
Indexed ESV (ml/m2) 0.40 0.16
Indexed Mass (g/m2) 0.38 0.18
EF (%) -0.63 0.015

BASFI = Bath Ankylosing Spondylitis Functional Index; BASMI = Bath Ankylosing Spondylitis Metrology 
Index; ASDAS-CRP = Ankylosing Spondylitis Disease Activity Score-C-reactive protein; CRP = C-reactive 
protein; ESR = erythrocyte sedimentation rate. EDV = end diastolic volume; ESV = end systolic volume; EF 
= ejection fraction.
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Correlation of aortic arch pWV with lV remodelling

We evaluated the relation between aortic stiffness and the presence of hyperenhancement 
on the LGE images. Aortic arch PWV was significantly higher in the 3 patients with 
hyperenhancement (11.7 m/s, 12.3 m/s and 16.5 m/s) than in the 11 patients without 
hyperenhancement (9.0 m/s, IQR 6.6–10.5 m/s; p=0.022). 

To assess the impact of aortic stiffness on LV geometry and function, we correlated aortic 
arch PWV values to measurements of LV volumes, LV mass and LVEF. Aortic arch PWV 
showed a significant correlation with LVEF (R=-0.63; p=0.015) (Figure 7.3). There were, 
however, no significant correlations between aortic arch PWV and indexed LVEDV 
(R=0.13; p=0.65), indexed LVESV (R=0.40; p=0.16) and indexed LV mass (R=0.38; p=0.18) 
(Table 7.3). 

Considering that LVEF was significantly lower in patients with hyperenhancement (47 ± 8 
vs. 56 ± 5%; p=0.04), we performed subgroup analysis to evaluate whether the association 
between aortic arch PWV and LVEF was independent of the presence of hyperenhancement. 
In the 11 patients without hyperenhancement, correlation between LVEF values and aortic 
arch PWV values were still moderate although this did not reach statistical significance 
(R=-0.43; p=0.19). 

Figure 7.3: Correlation of aortic arch pulse wave velocity (pWV) to left ventricular ejection fraction 
(lVeF). 
Filled/green dots indicate patients with hyperenhancement on the LGE images. Open dots indicate patients 
without hyperenhancement. Dotted lines represent 95% confidence band.
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dIsCussIon

This study is the first to evaluate aortic stiffness in patients with AS by CMR, and to 
assess its association with AS characteristics and LV remodelling, compared to a well-
matched control cohort. Aortic arch PWV was increased in our cohort of patients with 
AS, and was found to be associated with functional disability, the presence of myocardial 
hyperenhancement (i.e. non-ischaemic pattern) and reduced LV systolic function. 

Increased aortic stiffness in patients with as

Our patient cohort with AS had higher aortic arch PWV as compared to matched controls. 
This is in line with studies by Avram et al. 8 and Bodnar et al. 9, showing higher carotid-
femoral PWV in patients with AS. In contrast, higher carotid-femoral PWV was not found 
in studies by Arida et al. 10 and Berg et al. 11. Considering the previous inconsistent results, 
our study adds to current understanding of increased PWV in AS. Several reasons may 
explain the inconsistency between these studies and our results. First, in the studies by 
Arida et al. 10 and Berg et al. 11, the study populations had a mean age of respectively 49 
years and 48 years, which is 13–14 years lower than our study population. Patients also 
had a much lower prevalence of cardiovascular risk factors than our study population. It 
can be speculated that stiffening of the aorta in AS develops later in life, and perhaps only 
in a subset of patients. Second, the likelihood of finding increased aortic stiffness may 
have been higher in our study, as we only included patients with abnormal findings on 
screening TTE, of which LV diastolic dysfunction was the primary abnormality. Third, 
both studies used either tonometry or ultrasound to assess PWV, while we used CMR. 
The current study is the first to use CMR to measure PWV in patients with AS. Previous 
studies have shown that CMR can assess the aortic arch PWV with high accuracy and 
reproducibility, and therefore may be more reliable than tonometry and ultrasound as it 
enables the measurement of the true arterial path length between the two recording sites 12, 

22. In contrast, tonometry and ultrasound both use an estimation of the arterial path length 
which is provided by an external tape measure over the body surface. This is an important 
drawback of these methods, especially in patients with AS considering that kyphosis and 
height loss may cause underestimation of the arterial path length and thus aortic PWV 23.

aortic stiffness in relation to as factors

Consistent with previous studies, we found no significant correlation between aortic arch 
PWV and inflammatory activity markers, including ASDAS, CRP and ESR 8-11. It can 
be argued that, in order to show an association between inflammation and aortic arch 
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PWV, disease activity measurements need to be averaged over a much longer period of 
time, especially as AS disease activity varies over time. Interestingly, however, we found 
significantly lower aortic arch PWV in patients treated with NSAIDS, and a trend towards 
lower PWV in patients treated with both NSAIDs and anti-TNF. These findings may suggest 
that anti-inflammatory treatment reduces vascular resistance in AS, which is consistent with 
previous findings in gout 24 and rheumatoid arthritis 25, although in the latter this effect was 
only observed when flaring occurred. In addition to anti-inflammatory treatment, it can 
also be speculated that AS patients may benefit from treatment with ACEIs and smoking 
cessation interventions, considering that both have been shown to positively affect arterial 
stiffness 26, 27. Unfortunately, the current cohort was too small to observe significant effects 
of ACEi and smoking on PWV in AS. 

We also used the BASFI score as a marker of disease severity, and found an association 
between aortic arch PWV and functional disability, similar to Avram et al. 8 and Bodnar 
et al. 9. Most likely, functional disability is associated with aortic arch PWV because it 
reflects more severe disease or higher vulnerability to tissue damage. However, it can also 
be speculated that functional disability leads to higher aortic arch PWV through physical 
inactivity 28. Furthermore, the effect of AS and the resulting kyphosis on the angulation 
and position of the aorta should also be considered 29. 

Impact of aortic stiffness on lV remodelling

Arterial stiffness causes reflected waves to return earlier (in the late systole) to the heart, 
which increases the load on the LV 30. In the present study, we found aortic arch PWV to be 
inversely associated with LVEF, which is in line with previous findings in a population-based 
cohort 13 and in a hypertension cohort 31. Furthermore, CMR’s unique tissue characterizing 
abilities has led to the observation that hyperenhancement, a measure of cardiac fibrosis, 
is associated with PWV suggesting simultaneous cardiac and vascular involvement, 
which is a novel finding and adds to the current literature. This hypothesis is supported 
by previous studies in patients with other rheumatic diseases, showing a similar pattern of 
hyperenhancement 32-34 and also higher aortic arch PWV 35. Another possible, but perhaps 
less likely, explanation is that arterial stiffening increases the wall stress in the lateral LV 
wall, leading to secondary myocardial fibrosis. However, increased LV load is generally 
not associated with a specific pattern of hyperenhancement 36. Also, hypertension was less 
prevalent in patients who showed hyperenhancement. 
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limitations

There are several limitations of the study. First, due to the relatively small sample size, 
the possibility of type II errors cannot be excluded. In particular, the lack of significant 
correlations between aortic arch PWV and disease duration, BASMI, and LV mass does not 
necessarily exclude the existence of a correlation. Second, although this is the first study 
to evaluate aortic stiffness in patients with AS using CMR, it was performed in a selected 
AS population consisting of patients aged between 50–75 years with abnormal findings 
on screening TTE (i.e. mainly LV diastolic dysfunction). Therefore, the results may not be 
generalized to the entire AS population. Also, this preselection by TTE abnormalities may 
have introduced a bias in the comparison between the AS group and the control group. On 
the other hand, previous studies have shown that LV diastolic dysfunction is associated 
with AS, and thus matching on this factor can also lead to overmatching and bias 2.  
Furthermore, we matched controls for age, BMI, HR and SBP, which are all associated 
with LV diastolic dysfunction, and still found higher aortic arch PWV in AS patients 37. 
Nonetheless, supports the concept that AS is associated with stiffening of the aorta, and 
therefore deserve further study in a larger and more diverse AS population using CMR. 
Last, although the CMR protocols were similar between the AS group and the control group 
(i.e. same slice orientation, velocity encoding and slice thickness), they were performed 
on different MR systems. The velocity-encoded MR images were, however, acquired in 
transverse aortic slices at the isocenter of the magnet, which has been shown to be the most 
reliable method across scanner platforms 38. In addition, potential variations in transverse 
aortic flow measurements between scanner platforms are very small and therefore unlikely 
to account for the observed difference in aortic PWV between the groups.  

Conclusions

Aortic arch PWV was increased in our cohort of patients with AS. Higher PWV in 
the aortic arch was associated with functional disability, the presence of myocardial 
hyperenhancement (i.e. non-ischaemic pattern) and reduced LV systolic function. This 
first hypothesis-generating CMR study to assess aortic arch PWV in AS supports the 
concept that AS is associated with stiffening of the aorta, and suggests that this increased 
aortic stiffness is a contributor of LV remodelling. However, future research should be 
performed to investigate whether AS patients with more severe disease should be treated 
more aggressively compared to those with low disease activity with regard to cardiovascular 
disease.
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supplementary table s7.1: association of patient characteristics with log-transformed aortic arch 
pulse wave velocity

Univariate analysis Multivariate analysis

B (95% CI) p-value B (95% CI) p-value

Age (per 10 year increase) 0.07 (-0.02 to 0.16) 0.106 0.001 (-0.11 to 0.11) 0.98

BMI (per 1 kg/m2 increase) 0.002 (-0.02 to 0.03) 0.87 0.003 (-0.02 to 0.03) 0.83

SBP (per 10 mmHg increase) 0.02 (-0.03 to 0.07) 0.44 0.01 (-0.04 to 0.06) 0.66

Resting HR (per 10 bpm increase) -0.01 (-0.08 to 0.06) 0.81 -0.02 (-0.09 to 0.06) 0.63

Presence of AS (yes/no) 0.18 (0.06 to 0.30) 0.004 0.19 (0.03 to 0.34) 0.020

BMI = body mass index; SBP = systolic blood pressure; HR = heart rate; DM = diabetes mellitus; AS = 
ankylosing spondylitis; B = coefficient of regression; CI = confidence interval. 

supplementary table s7.2: associations between medication and nicotine use and with log-
transformed pulse wave velocity

B (95% CI) p-value

ACEi/ARB -0.08 (-0.27 to 0.12) 0.42

Statins 0.02 (-0.26 to 0.29) 0.90

TNFα inhibitor 0.001 (-0.20 to 0.20) 0.99

NSAID -0.22 (-0.41 to -0.03) 0.03

Nicotine 0.15 (-0.11 to 0.41) 0.23

ACEi = ACE inhibitor; ARB = Angiotensin II receptor blocker; TNF = tumor necrosis factor; NSAID =  non-
steroidal anti-inflammatory drugs; 
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supplementary Figure s7.1: representative example of non-ischemic hyperenhancement in a 
patient with ankylosing spondylitis. 
Short-axis (left) and matching long-axis (right) late gadolinium enhancement images showing regions of 
hyperenhancement (arrows) in the epicardial and midwall layers of the lateral left ventricle wall.

supplementary Figure s7.2: Interobserver variability of aortic arch pWV. 
Scatter plots (A and C) with regression lines and 95% confidence bands and Bland-Altman plots (B and D) 
with means and limits of agreement (LA) of log-transformed (orange) and original (green) aortic arch pulse 
wave velocity (PWV) data. The Bland-Altman plots show the differences between the two readers in relation 
to the mean of the two measurements.




