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Abstract

To compare the ability of cardiac magnetic resonance tomography (CMR) and transthoracic echocardiography (TTE) to
predict the need for valve surgery in patients with chronic aortic regurgitation on a mid-term basis. 66 individuals underwent
assessment of aortic regurgitation (AR) both in CMR and TTE between August 2012 and April 2017. The follow-up rate
was 76% with a median of 5.1 years. Cox proportional hazards method was used to assess the association of the time-to-
aortic-valve-surgery, including valve replacement and reconstruction, and imaging parameters. A direct comparison of most
predictive CMR and echocardiographic parameters was performed by using nested-factor-models. Sixteen patients (32%)
were treated with aortic valve surgery during follow-up. Aortic valve insufficiency parameters, both of echocardiography and
CMR, showed good discriminative and predictive power regarding the need of valve surgery. Within all examined param-
eters AR gradation derived by CMR correlated best with outcome [XZZ 27.1; HR 12.2 (95% CI: 4.56, 36.8); (p <0.0001)].
In direct comparison of both modalities, CMR assessment provided additive prognostic power beyond echocardiographic
assessment of AR but not vice versa (improvement of Xz from 21.4 to 28.4; p=0.008). Nested model analysis demonstrated
an overall better correlation with outcome by using both modalities compared with using echo alone with the best improve-
ment in the moderate to severe AR range with an echo grade II out of III and a regurgitation fraction of 32% in CMR. This
study corroborates the capability of CMR in direct quantification of AR and its role for guiding further treatment decisions
particularly in patients with moderate AR in echocardiography.
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even in asymptomatic manifestation, as considerable chronic
regurgitation might be masked and patients may remain
asymptomatic for a long time.

At this stage of disease prognosis might already be
declined significantly [4, 5]. This emphasizes the need of
an optimal timing of aortic valve surgery [3—-6]. Regarding
the recommendation for aortic valve surgery accurate quanti-
fication of AR severity and LV dimensions is essential. Both,
the echocardiographic and the cardiac magnetic resonance
(CMR) approach are recommended for assessment of AR
severity by well-established references like the American
College of Cardiology and the American Society of Echo-
cardiography [3, 6].

Echocardiographic approach remains the base for the
evaluation of AR as it is commonly available, can define
ventricular size and function and estimate the severity of
AR.

The CMR approach shows superior reproducibility for
ventricular volumes and systolic measurements. Especially
fast breath-hold CMR reveals excellent results for inter-study
reproducibility of LV volumes,

ejection fraction and mass, which are considered to be
superior to results of 2-dimensional echocardiography [2, 7].
Yet, in the absence of a reference method it is challenging to
determine which of the two modalities generates more clini-
cally relevant information and can better predict the need of
valve surgery.

Harris et al. reported in a prospective study trial at a
follow up time of 4.4+ 1.5 years CMR being better than
echocardiography in predicting the need for valve surgery
in patients with chronic aortic and mitral regurgitation [8].
The available studies are small and only a few focus specifi-
cally on aortic valvular disease. As most comparative studies
address the questions of accuracy and reproducibility and
not of clinical outcome, only very little information is given
on the additive clinical value of CMR approach in com-
parison to echocardiographic approach [9—12]. Therefore the
objective of this study was to compare on a mid-term basis,
defined by a follow-up period of 5 years, the ability of CMR
and echocardiography to predict valve surgery in patients
with chronic AR.

Methods
Study cohort

Eligible for analysis were 53 patients with chronic AR
undergoing both CMR and echocardiography at our insti-
tution between August 2012 and April 2017. In addition
a group of 13 healthy volunteers without chronic AR was
included into study population.
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Exclusion criteria were general contraindications for
CMR, a lack of stable sinus rhythm during examination,
the existence of severe other valvular or cardiac diseases or
abnormalities, former cardiac surgeries and hemodynamic
instability. Severe aortic disorders like a coexisting ascend-
ing aortic aneurysm or a concurrent infection were ruled out
before including patients into study population.

Also pregnancy and obesity permagna, defined as
BMI > 40, led to exclusion of study population.

CMR procedure

For image acquisition a 1.5 T scanner (Siemens Avanto, Sie-
mens Healthineers, Erlangen) and dedicated phased array
cardiac coils were used. All measurements were performed
both in conventional free breathing as well as in navigator
based respiratory motion compensation technique. Through-
plane flow sensitive gradient echo sequences at the sinutu-
bular junction of the aortic root with retrospective gating
were utilized.

Scan parameters of the free breathing protocol were as
follows:

Repetition time (TR)=29.5 ms, echo time (TE)=2.8 ms,
field of view (FOV) 320 x 240 mm.

The slice thickness was 5 mm, the in plane resolution
1.25%1.25 mm. Velocity encoding was set to 150 cm/s typi-
cally. Two segments were chosen typically. Three repetitions
and 30 measurements per heart cycle were done.

Scan parameters of the navigator based respiratory
motion compensation protocol were as follows:

Repetition time (TR)=12.34 ms, echo time
(TE)=2.91 ms, field of view (FOV)=320x 240 mm.

The slice thickness was 5 mm, the in plane resolution
1.3x 1.3 mm. Velocity encoding was set to 150 cm/s typi-
cally and increased if necessary.

One segment was chosen typically, 75 measurements per
heart cycle were done.

“Argus Flow 4.02” was used for image evaluation (Soft-
ware version Syngo MR D13), aortic flow values were cal-
culated from the aortic flow curve.

Aortic regurgitation fraction (RF) was defined as total
retrograde flow divided by total anterograde flow.

AR-grade was categorized by aortic regurgitation frac-
tion: 1-19% in mild, 20-39% in moderate and >40% in
severe AR.

Left ventricular function was assessed by using contigu-
ous stack short axis steady state free precession cine imaging
(SSFP):

Repetition time (TR)=50.76 ms, echo time (TE)=1.2 ms,
field of view (FOV)=340x 240 mm.

Fifteen slices with a slice thickness of 8 mm and with a
slice spacing of O were generated.
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The in plane resolution was 1.3 X 1.3 mm. 18 segments
were typically chosen and 25 measurements per heart
cycle were done.

Generated images have been used to assess the end-
diastolic (LVEDV; ml) and end-systolic (LVESV; ml) vol-
ume of the left ventricle.

“Argus Ventricular Function 4.01” (Software version
Syngo MR D13) was used to segment manually.

end-diastolic and end-systolic endocardial contours in
each slice. Left ventricular ejection fraction (EF; %) was
calculated as [(LVEDV — LVESV)/LVEDV].

Doppler echocardiography

For assessment of AR following echocardiographic
machines were used: Philips iE33 and EPIQ 7G, Philips
Medical Systems, Andover, Mass.

The following echocardiographic measurements were
investigated:

Proximal Isovelocity Surface Area (PISA; mm?) was
measured by using continuous-wave color Doppler circum-
scribing the pre-valvular volume of flow velocity above
30 cm/s.

Effective Regurgitation Orifice Area of AR (AR-EROA;
mm?) was defined as flow velocity (2 nr® X aliasing veloc-
ity) divided by peak velocity (cm/s) of the regurgitation
jet as recorded by continuous-wave Doppler.

Regurgitant Volume (AR-Vol; ml) was calculated as the
product of EROA and Velocity—Time-Integral (VTI).

The Enddiastolic Flow Velocity (cm/s) was measured
by pulsed Doppler in end-diastole just beneath the origin
of the left subclavian artery using a suprasternal notch
view at the peak R wave on a simultaneously recorded
electrocardiogram.

AR severity was graded according to European society
of cardiology [13].

Recommended (semi-) quantitative thresholds for
severe AR were used according to European Society of
Cardiology (ESC) guidelines: EROA > 30 mm?, AR-vol-
ume > 60 ml, AR-RF >50%, Vena contracta (VC) > 6 mm,
Pressure half time (PHT) <200 ms.

To guarantee intra- and inter-observer variability in
total 3 measurements per patient were done, including
two consecutive measurements by one examiner and one
additional by a second blinded examiner, both with more
than 10 years of echocardiographic experience.

Investigators of both the CMR and echocardiography
studies were blinded concerning AR grading of the other
modality.

Figure 1 illustrates the quantification of aortic regurgi-
tation by cardiac magnetic resonance and by echo.

Follow-up information

Follow-up information was obtained by clinical visits or
telephone contact. Verification of all stated events was
ensured by hospital records or confirmation by the attend-
ing physician.

Endpoint of the study

Aortic valve surgery, including valve replacement as well as
valve reconstruction was defined as endpoint of the study.
The decision to refer a patient for surgery was at the discre-
tion of the attending physician.

Statistical analysis

Categorical variables were described as frequencies and per-
centages, whereas continuous variables were characterized
as means + standard deviation or as median (IQR =inter-
quartile range) as appropriate.

All statistical assessments rest on an event-free survival
for study endpoint by using Kaplan—-Meier method.

Cox proportional hazards method was used for calculat-
ing hazard ratios and carrying out multivariable analyses.
Concordance c-indices were assessed from time-to-event
data as described by Harrell et al. [14, 15].

Since C-statistics has limited sensitivity to compare mod-
els of small size we used an approach of reciprocal nested
models for comparing CMR and echo parameters.

Therefore the best CMR parameter was combined over
selected echo parameters and vice versa in order to elucidate
whether one modality can improve the predictive value of
the other or if both modalities are necessary to get an opti-
mal result.

All statistical analyses were carried out two-sided and a
significance level of 5% was defined.

The statistical package R version 3.6.0 including the
package rms was used for statistical tests.

Results
Study population

The study population comprises 66 individuals undergo-
ing assessment of aortic regurgitation (AR) both in CMR
and echocardiography. Among these, 53 were patients with
known or suspected chronic AR, 13 were healthy individuals
without known AR. Out of 66 examined patients 50 could be
included into the study as follow-up was successful (follow-
up rate of 76% at a median of 5.1 years).

The mean age of the study population was 52.4 years, 35
patients were male and 15 female.
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Fig. 1 Quantification of aortic regurgitation by echo (a—c) and car-
diac magnetic resonance imaging (d—f). a: Regurgitant jet in left ven-
tricular outflow tract, b: Effective Regurgitant Orifice (short axis of
aortic valve), ¢: Proximal isovelocity surface area (PISA), d: Phase

Endpoint and clinical correlation

Overall 16 patients underwent aortic valve surgery. Among
these 11 patients underwent aortic valve replacement and
5 valve reconstruction. In comparison to patients without
a history of aortic valve surgery, they were significantly
older [62.5 (57.4, 69.4) years vs. 46.8 (35.5, 55.3) years;
p=0.003] and showed a higher prevalence of arterial hyper-
tension [12 (75%) vs. 12 (35.5%); p=0.015] and stated more
often a positive family history of coronary artery disease [5
(31.2%) vs. 2 (5.88%); p=0.027].
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encoded image of through plane blood velocity in systole, e: Same in
diastole, f: Calculated flow-time diagram (systolic flow is depicted as
negative due to patient orientation)

Detailed data are summarized in Table 1.

CMR results

Mean LV-EF of study population was 59 + 10.5%. Patients
who underwent aortic valve surgery showed a lower mean
LV-EF compared to patients without surgery (52.4 +15%
vs. 62.9+5.13%; p=0.015). They showed a higher mean
value of AR (48 +£19.8% vs. 16.1 +16.2%; p<0.0001),
irrespective of performed sequences (standard sequences in
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Table 1 Patient characteristics Study cohort No event Event P-value
n=50 n=34 n=16

Male gender 35 (70%) 21 (61.8%) 14 (87.55) 0.099
Age 52.4 (38.7, 62.5) 46.8 (35.5,55.3) 62.5 (57.4,69.4) 0.003
NYHA 0.87
NYHA 1 37 (75.5%) 26 (76.5%) 11 (73.3%) 0.97
NYHA 1.5 1 (2.04%) 1 (2.94%) 0 (0%) 0.8
NYHA 2 4 (8.16%) 3 (8.82%) 1(6.67%) 0.97
NYHA 2.5 4 (8.16%) 2 (5.88%) 2 (13.3%) 0.68
NYHA 3 3(6.12%) 2 (5.88%) 1 (6.67%) 0.99
CAD 5 (10%) 2 (5.88%) 3 (18.8%) 0.31
Arterial Hypertension 24 (48%) 12 (35.3%) 12 (75%) 0.015
Hypercholesterolemia 17 (34%) 9 (26.5%) 8 (50%) 0.12
Diabetes mellitus 2 (4%) 1 (2.94%) 1 (6.25%) 0.54
Smoking 5 (10%) 5(14.7%) 0 (0%) 0.16
Family history of CAD 7 (14%) 2 (5.88%) 531.2%) 0.027
ACE inhibitors 30 (60%) 17 (50%) 13 (81.2%) 0.062
Beta-blockers 22 (44%) 13 (38.2%) 9 (56.2%) 0.36
Alpha-blockers 3 (6%) 0 (0%) 3 (18.8%) 0.029
Calcium-antagonsists 9 (18%) 2 (5.88%) 7 (43.8%) 0.0027
Diuretic 17 (34%) 8 (23.5%) 9 (56.2%) 0.03
Thiazide-diuretics 16 (32%) 8 (23.5%) 8 (50%) 0.1
Loop-diuretics 2 (4%) 1(2.94%) 1 (6.25%) 0.54
Spironolactone 2 (4%) 0(0%) 2 (12.5%) 0.098
ASS 14 (28%) 8 (23.5%) 6 (37.5%) 0.33
Statin 14 (28%) 6 (17.6%) 8 (50%) 0.04

conventional free breathing vs. sequences in navigator based
respiratory motion compensation).

Moreover, patients with aortic valve procedure
showed higher LV endsystolic volumes (151 + 105 ml vs.
74.6 +£25.6 ml, p<0.0001) and higher enddiastolic volumes
(260+71.5 ml vs. 185 +55.9 ml, p=0.00025) than patients
without aortic valve procedure.

Echocardiographic results

Patients with aortic valve surgery showed overall a higher
grade of aortic insufficiency classified with the recom-
mended echocardiographic AR parameters and greater LV
dilation than patients without surgery. They showed higher
LV-EDV (200 +£74.6 ml vs. 129 +47.4 ml; p=0.0032)
and LV-ESV (101 £59.7 ml vs. 50.3 £22.3 ml; p=0.006)
and a higher clinical gradation of AR (2.59+0.417% vs.
1.32+1.08%; p<0.0001).

Also vena contracta (6.14+ 1.8 mm vs. 3.11 +2.49 mm;
p<0.0001), PISA-Radius (7.57 £0.938 mm vs. 4.06 +3.58,
p<0.0001), EROA (0.264 +0.0467 mm? vs. 0.125 +0.144
mm?, p<0.0001), regurgitant volume (61.6 +15.1 ml vs.
30.1+34 ml, p<0.0001) was higher and PHT was lower

(424 £ 132 ms vs. 627 +£235 ms, p=0.00023) in patients
with aortic valve surgery than in patients without.

Detailed CMR and echocardiographic results are given
in Table 2.

Discriminatory ability and predictive power of CMR
and echocardiographic parameters

The parameter AR gradation derived by CMR correlated
best with outcome within all selected CMR and echocar-
diographic parameters with the highest univariate X2 of 27.1
and a significantly elevated hazard ratio of 12.2 (95% CI:
4.56, 36.8); (p<0.0001). A Kaplan—Meyer plot for a cutoff
of 32% regurgitation fraction is shown in Fig. 2.

Within all selected CMR parameters AR gradation
showed the best result, irrespective of performed sequences
(standard sequences in conventional free breathing vs.
sequences in navigator based respiratory motion compensa-
tion). Second and third best result was shown for LV-ESV
and LV-EDV with a X2 of 13.8 and 13.4, respectively.

Within selected echocardiographic parameters the inte-
grated gradation of AR correlated best with endpoint with
an univariate y of 21.4 and a hazard ratio of 16.7 (95% CI:
3.41, 82.3; p<0.001). Other echocardiographic parameters
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Table 2 Univariate prognostic value of CMR and echocardiographic parameters

2

No event Event Hazard ratio X P-value C-index
n=34 n=16

CMR results

Aortic regurgitation (%), standard sequences 16.1+16.2 48+19.8 12.2 (4.56,32.8) 27.1 <0.0001 0.840
Aortic regurgitation (%), navigator based sequences 15.8+13.9 33.5+16.3 6.94 (2.36,204) 142 0.00017 0.762
ESV (ml) 74.6+25.6 151105 1.64 (1.30,2.05) 13.8 <0.0001 0.759
EDV (ml) 185+55.9 260+71.5 2.69 (1.60,4.52) 134 0.00025 0.751
EF (%) 62.9+5.13 52.4+15 0.49(0.34,0.70) 12 0.00054 0.728
Echocardiographic results

Aortic regurgitation (degree) 1.32+1.08 2.59+0.417 16.7 (3.41,82.3) 214 <0.0001 0.816
Vena contracta (VC) (mm) 3.11+£2.49 6.14+1.8 12.6 (2.9, 53.9) 15.3 <0.0001 0.766
Enddiastolic flow velocity (cm/s) 44.5+51.3 114+£28.8 6.23 (2.17,17.8) 13.7 <0.0001 0.825
EDV (ml) 129+47.4 200+74.6 3.54(1.78,7.05) 122 <0.0001 0.752
ESV (ml) 50.3+22.3 101+59.7 1.88 (1.34,2.63) 10.8 <0.0001 0.754
Proximal isovelocity surface area (PISA) (mm) 4.06+3.58 7.57+0.938 6.74 (1.92,23.7) 10.5 <0.0001 0.786
Pressure half time (PHT) (ms) 627 +235 424 +132 0.19 (0.05,0.66) 8.77 0.00023 0.709
Effective regurgitation orifice area of AR (EROA) (mm2) 0.125+0.144  0.264+0.0467 3.0(1.5,6.3) 7.47 <0.0001 0.814
Regurgitant volume (ml) 30.1+34 61.6+15.1 3.1(1.4,6.6) 7.01 <0.0001 0.771
Velocity—time-integral (VTI) 143+ 144 237+50.7 3.1(0.87,10.9) 3.39 0.066 0.639
Peak velocity (cm/s) 2474243 376 £175 2.6(0.77,8.7) 2.6 0.05 0.629
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Fig.2 Kaplan—-Meyer plot for survival free of aortic valve repair
grouped by CMR aortic regurgitation fraction (plotted with R rms
package)

which were able to predict endpoint were vena contracta
and PISA with a x? of 15.3 and a HR of 12.6 (95% CI: 2.92,
53.9; p<0.001) and a X2 of 10.5 and a HR of 6.74 (95% CI:
1.92, 23.7); p=0.012, respectively.

Comparison of the different parameters
in a nested-factor-model
In direct comparison between AR gradation assessed by CMR

and echo, the combined multivariate model (X2=28.4) was
significantly better than AR gradation in echo alone (X2 =214,
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Table 3 Nested factor model for CMR and echocardiographic assess-
ment of aortic regurgitation

% univariate  x? multivariate P for difference

Combined vs. 21.4 28.4 0.0079
echo aortic
regurgitation

Combined vs.  27.1 284 0.24

CMR aortic
regurgitation

p=0.008), whereas it was not superior to AR gradation in
CMR alone (X2= 27.1; p=0.24), see also Table 3.

AR gradation in CMR and echo improve prediction com-
pared to any other single parameter both in CMR and echo.
For example AR quantification significantly improves predic-
tion of end diastolic volume with a X2 for improvement of
14.2 (p=0.00016) and 9.61 (p=0.0019) for CMR and echo
respectively.

Detailed information is given in Table 4.

Figure 3 shows the Kaplan—Meyer plot for survival free
of aortic valve repair grouped by Echo aortic regurgitation
gradation.
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Table 4 Improvement of prediction by adding CMR AR-quantifi-
cation and echo integrative grading to selected single CMR- and
Echoparameters

+CMR AR +ECHO AR
CMR EDV 14.2 (p=0.00016) 12.2 (p=0.00047)
CMR ESV 15.0 (p=0.00011) 13.5 (p=0.00029)
CMR EF 15.4 (p<0.0001)  16.1 (p<0.0001)

Echo V. contracta

Echo enddiastolic flow rate

10.1 (p=0.0015)
11.5 (p=0.00070)

7.06 (p=0.0079)
6.39 (p=0.011)

Echo PISA 12.3 (p=0.00045) 8.98 (p=0.0027)
Echo EDV 10.3 (p=0.0013)  9.61 (p=0.0019)
Echo ESV 11.5 (p=0.00070) 12.5 (p=0.00039)

Likelyhood X2 and p-value for comparison between nested model and
single value
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Fig.3 Kaplan—-Meyer plot for survival free of aortic valve repair
grouped by Echo aortic regurgitation gradation (plotted with R rms
package)

Discussion

The optimal timing of aortic valve surgery remains contro-
versial [3-6]. Accurate quantification of AR severity and
LV dimensions are essential parameters for this decision
[3, 6]. Even though echocardiography and CMR are rec-
ommended for assessment of AR severity [3, 6], it remains
challenging to determine which of the two modalities gen-
erates more clinically relevant information and can better
predict the need of valve surgery. The results of this mid-
term follow up study provide several important insights
into multimodality AR assessment and the prediction of
valve surgery in patients with chronic AR:

1) Aortic valve insufficiency parameters, both of echocar-
diography and CMR, showed good discriminative and
predictive power regarding valve surgery.

2) There was a good correlation of aortic insufficiency gra-
dation between echocardiography and CMR.

3) In direct comparison of both modalities, CMR assess-
ment of AR provides additive prognostic power beyond
echocardiographic assessment of AR but not vice versa.

Both the integrative AR gradation of an experienced
reader in echocardiography and the direct AR quantifica-
tion in CMR show an excellent prediction of valve surgery.

Of the different AR parameters in echocardiography, vena
contracta correlated best with outcome, but remained infe-
rior to the integrative gradation recommended by the ESC
guidelines. Similar results were found by Messika-Zeitoun
et al., although this study did not use a clinical endpoint
[16]. In both modalities, LV-diameters had only moderate
correlation with outcome. Similarly, Myerson et al. observed
in a multicenter study, based on data of 113 patients with
at least moderate chronic AR, at a mean follow-up period
of 2.6 +2.1 years a higher discriminatory ability for aortic
valve surgery of AR fraction than of LVEDV and concluded
that LV-dilatation develops only late in the course of AR
deterioration [17]. Similar results were found for echocar-
diography by Tarasoutchi et al. [18].

An innovative work in progress sequence using free
breathing navigator and thus reducing motion artifacts and
repetitive image acquisition and allowing for increased
temporal resolution did not improve correlation with the
endpoint. Obviously the robustness of averaging informa-
tion from three repetitions in the standard sequence outper-
forms the information gained from the higher resolution
and the somehow higher variability of the work in progress
sequence.

Initial evaluation of AR is almost always done by echo.
In most cases the results are clear cut, but the limitations
particularly in patients with suboptimal echocardiography
conditions or inconclusive Doppler findings are well known.
To address this clinical situation we used a nested model and
could demonstrate an overall better correlation with outcome
by using both modalities compared with echo alone. As can
be seen in Fig. 2 this improvement is most pronounced in
the moderate to severe AR range with an echo grade II out of
IIT and a regurgitation fraction of 32% in CMR. This finding
goes in line with other studies.

Harris et al. reported in a prospective study trial at a
follow up time of 4.4+ 1.5 years CMR being better than
echocardiography in predicting the need for valve surgery
in patients with chronic aortic and mitral regurgitation. Pri-
mary endpoint was defined as a combination of heart failure
hospitalization and the need for valve surgery.

In comparison of both modalities, AR-volume assessed
by CMR was more predictive for outcome than assessed
by echocardiography with an AUC being significantly
greater for CMR-derived regurgitant volume (0.9 vs. 0.67;
p <0.005) [8]. Neisius et al. showed stronger correlation of
post aortic valve replacement LV remodeling with CMR AR
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grade than with echocardiography in 24 patients undergoing
valve repair for chronic AR [10].

Conclusion

The results of this study corroborate the capability of CMR
in direct quantification of aortic regurgitation.

While the slightly better outcome correlation does not
justify the higher expenditure in all cases, CMR can play an
important role for guiding further treatment particularly in
patients with moderate aortic regurgitation or inconclusive
findings in echocardiography.

Limitations

This is a single-center observational study. Results could be
influenced by geographical patient characteristics as well as
by the local investigation algorithm. In addition, the decision
for or against surgery is always based on clinical judgment
and may not only based on disease severity but also influ-
enced by other factors.

The small number of patients did not allow for further
subgroup analyses.

Due to the long recruitment and follow-up duration image
acquisition techniques both for CMR and Echo do not rep-
resent the current state of the art but clinical routine in the
early second decade of the century. Results might be dif-
ferent with current state of the art examination techniques.
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